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Biodegradable polymer hydrogels have become very promising materials for use 
in tissue engineering.  Hydrogels are typically used as scaffolds within which cells can be 
seeded for regeneration of damaged tissue.  Ideally, these hydrogels should be easily 
implanted in the body in a minimally invasive manner, should be relatively highly 
swollen in order to allow adequate transport of nutrients, and should degrade safely in the 
body while new tissue is regenerated.  Additionally, for optimal success, an increasing 
number of studies indicate that matching the mechanical properties of the hydrogel with 
those of the tissue being replaced is a significant factor.  While a wide variety of 
hydrogels with a number of these individual properties exist, few hydrogels have a 
combination of all these properties.  For instance, it is rare for hydrogels to have good 
mechanical properties at high swelling degrees, and few hydrogels with persistently good 
mechanical properties are also biodegradable and/or easily implanted in a non-invasive 
manner.  This study seeks to combine a number of the qualities that make a hydrogel 
ideal for tissue engineering by investigating the development of a fully injectable and 
biodegradable hydrogel with enhanced mechanical properties that persist at high degrees 
of swelling.  
More specifically, the goal of this research is to develop and investigate the 
swelling, mechanical and degradation properties of biodegradable hydrogels with 
potentially enhanced stiffness mechanical properties, with the fundamental components 
consisting of a complex-forming polymer pair of poly(ethylene glycol) (PEG) and 
poly(acrylic acid) (PAA).  The hydrogels are synthesized with a specific interpenetrating 
 xviii 
polymer network (IPN) strategy, referred to as a double network (DN) strategy, that has 
been used to enhance the mechanical properties of a variety of non-degradable hydrogels 
but has only been applied to a few biodegradable hydrogels. 
The biodegradable DNs were formed by adding degradable functionalities to the 
PEG and PAA network components.  The biodegradable PEG component was prepared 
using an existing method, where ABA-type block copolymers were first synthesized in 
order to form poly(lactic acid)-b-ploy(ethylene glycol)-b-poly(lactic acid) (PLA-b-PEG-
b-PLA) hydrogels with hydrolytically labile PLA units.  Then, in order to make these 
copolymers photo-crosslinkable, the chain-ends of the copolymers were functionalized 
with acrylate groups to form di-acrylated PLA-b-PEG-b-PLA macromers.  For 
experimental purposes, PEG molecular weights of 2000, 4000 and 8000 g/mol were used.  
The obtained macromers were then photo-polymerized in the presence of a photoinitiator 
to form biodegradable PLA-PEG-PLA hydrogels with molecular weight between 
crosslink (   ) values that depended on the PEG molecular weight. Additionally, during 
preparation of the hydrogels, two different macromer concentrations (25% and 50%) 
were used for each PEG molecular weight to yield hydrogels with additional variations in 
   .     
For the degradable PAA component, acrylic acid (AA) monomers were 
photopolymerized in the presence of a photoinitiator and a biodegradable crosslinker.  
The biodegradable crosslinker was made by synthesizing di-acrylated PLA-PEG-PLA 
macromers similar to the ones described above, but with a low PEG molecular weight of 
600 g/mol.   For photopolymerization of the PAA component with this crosslinker, a 
 xix 
constant AA volume fraction of 0.8 was used with two different crosslinker 
concentrations (1% and 8%).   
The degradable DN hydrogels were prepared using a sequential polymerization 
process with PLA-PEG-PLA as the 1
st
 network and the PAA component as the 2
nd
 
network.  The PLA-PEG-PLA hydrogels were photopolymerized and then swollen to 
equilibrium in AA monomer solutions for subsequent photopolymerization of the 
degradable PAA component within the PLA-PEG-PLA hydrogel.  Single-network PLA-
PEG-PLA hydrogels and single-network PAA hydrogels (with biodegradable crosslinker) 
were also photopolymerized for comparison to the DNs.  The chemical and structural 
characteristics of the obtained copolymers, macromers and networks were characterized 
by nuclear magnetic resonance (NMR), Fourier transform infrared (FTIR) spectroscopy, 
gel permeation chromatography (GPC) and swelling measurements.  For all of the 
hydrogels, swelling and degradation were characterized over various time periods 
through gravimetric measurements, the storage modulus was characterized over 
appropriate degradation periods using dynamic mechanical analysis (DMA), and the 







CHAPTER 1  
INTRODUCTION 
 
This research seeks to investigate the development of degradable DN hydrogels 
with mechanical properties that persist at high degrees of swelling, in an attempt to 
closely match the properties of natural tissues in the human body.  Natural tissues such as 
cartilage are often made up of over 75% water by weight but still have surprisingly high 
strength and stiffness properties.  DN hydrogels, which have received increasing attention 
since their development (over the last decade or so), seek to achieve similar mechanical 
properties by partially mimicking the structure of natural tissues.  Yet, the development 
of biodegradable DN hydrogels with these properties has not received as much attention, 
despite the fact that degradation is a significant, regularly occurring process that takes 
place within the extracellular matrix of natural tissues.  In the present study, fully 
degradable DN hydrogels were synthesized and their macroscopic properties were 
compared to those of the component single-network hydrogels.  The thermal, swelling, 
degradation and mechanical properties of the single-network and DN hydrogels were 
characterized. 
First (in Chapter II), background on the use of hydrogels in tissue engineering is 
presented, followed by a description of the properties and functions of natural tissues and 
the relative achievements of synthetic polymers.  Next, the significance of the preparation 
techniques used in this study is related, and useful theories that have previously been 
developed for characterization of the properties of hydrogels are explained. 
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Chapter III describes the experimental methods used to prepare the single-
network and DN hydrogels in this study.  This begins with synthesis procedures for the 
copolymers and macromers of the PLA-PEG-PLA component and also includes methods 
used for photopolymerization of both the PLA-PEG-PLA and PAA networks.  This 
chapter also describes the characterization techniques used to verify the chemical and 
physical structure of the copolymers, macromers and final networks.  The actual 
characterization results are presented and discussed in the following chapter (Chapter IV) 
and are then used to understand and interpret the behavior (macroscopic properties) of the 
swollen single and DN hydrogels, which are presented in Chapter V.    
Chapter VI presents concluding remarks and makes suggestions for future 
direction in which the work in the this study can be expanded.  Appendix A contains the 
graphs obtained for GPC results, which were used to characterize     of the PAA 




CHAPTER 2  
BACKGROUND 
 
 In this chapter, a summary of the use of hydrogels in tissue engineering is 
given, with emphasis on systems where concurrent drug or growth factor transport is 
advantageous.  The properties of hydrogels that are most significant for these applications 
are discussed.  Additionally, the types of polymers and methods used in this study are 
described, and the definition and history of DN hydrogels is explained.  Finally, theories 
relevant to the analysis and characterization of hydrogels are presented.        
 
2.1 Hydrogels in Tissue Engineering 
2.1.1 Hydrogels 
Hydrogels are crosslinked polymer networks that can be swollen to several times 
their original weights without dissolving in aqueous environments.  They have been 
studied at least since the 1960’s when poly(hydroxyethyl methacrylate) (PHEMA) 
hydrogels were first synthesized by Wichterle and Lim [1, 2].  Since then, the 
biocompatibility of hydrogels has been widely recognized, and extensive research has 
been done on the characteristics of hydrogels that make them useful as biomedical 
materials [3-5].  Hydrogels have played a key role as implantable materials in 
biomedicine, particularly for applications such as tissue engineering [6-9] and controlled 
drug delivery [10-13].  In general, the effectiveness of hydrogels as a biomaterial comes 
from the similarities between the swollen network structure of hydrogels and the 
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hydrated, porous structure of many natural tissues.  By one definition, at least 10% of the 
total weight (or volume) of a hydrogel is constituted by water, with superabsorbent 
hydrogels containing over 95% water [14].   
Commonly used non-degradable biomedical hydrogels include those made from 
poly(methyl methacrylate) (PMMA), which has often been used in contact lenses, 
poly(acrylic acid) (PAA), which has often been used as a superabsorbent material in 
diapers, and poly(ethylene glycol) (PEG), which has been used in a wide range of drug 
delivery and tissue engineering applications.  Biodegradable hydrogels are often made 
from natural polymers such as collagen, chitosan or agarose, as well as from synthetic 
polymers such as polyphosphazenes, polyphosphoesters, or block copolymers that 
incorporate biodegradable poly(α-esters) like poly(lactic acid) (PLA) and poly(ε-
caprolactone) (PCL) [15-17].  When placed in the human body, degradation of these 
hydrogels occurs either enzymatically (in the presence of specific enzymes) or by 
hydrolysis in aqueous environments. 
   
2.1.2 Tissue Engineering Strategies 
Tissue engineering (TE) strategies typically involve the use of three main 
components: 1) a scaffold material that mimics the structural and chemical functions of 
the extracellular matrix, 2) cells that are seeded throughout the scaffold for the synthesis 
of new tissue, and 3) growth factors or other soluble drugs that are incorporated for the 
enhancement of tissue regeneration.  For choice of a scaffold material, a wide variety of 
polymer hydrogels, sponges and fibrous meshes have been investigated.  In particular, 
hydrogels are useful as scaffold materials because their precursor solutions can often be 
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injected into tissue defects of various sizes and shapes for subsequent formation.  Using 
mild photopolymerization techniques, it is also possible to incorporate cells and soluble 
growth factors into the hydrogel precursor solution, resulting in a uniform distribution of 
these components after polymerization.  Additionally the hydrophilic, swollen, porous 
nature of hydrogels makes them resistant to protein adsorption and helps to give them 
good transport properties, allowing for the diffusion of gases, nutrients and waste 
products during tissue regeneration.  For the engineering of cartilage, the highly swollen 
nature of a three-dimensional hydrogel scaffold provides an environment similar to native 
cartilage that can allows the morphology and phenotype of the chondrocyte cartilage cells 
to be maintained for appropriate regeneration of new tissue [18].  
From a biomimetic point of view, the equilibrium swelling properties of 
hydrogels can easily be made to match those of human tissues such as articular cartilage 
and bone (typically greater 75% water).  However, until recently, hydrogels have 
generally been regarded as having far inferior mechanical properties compared to natural 
tissue, especially at high degrees of swelling.  In fact, the poor mechanical properties of 
hydrogels has been one of the main limitations for the use of hydrogels in tissue 
engineering and drug delivery applications [7, 19].   
Yet, a number of recent advances have succeeded in significantly improving the 
mechanical properties of these materials.  For instance, the double network (DN) 
strategy, based on a specific kind of interpenetrating network formation, has led to the 
development of hydrogels with modulus and strength properties that approach those of 
natural cartilage.  To date, the DN strategy has only been used for a few biodegradable 
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polymer hydrogels, with the majority of the research being carried out on non-degradable 
hydrogel combinations.  
At the same time, recent studies show that the hydrogel mesh size, modulus and 
degradation capability all appear to have significant individual effects on the apoptosis, 
proliferation, differentiation and/or homeostasis of cells [20-24].  The effects of these 
factors on cellular activity vary depending on the type of cells and tissue being generated.  
As a result, one of the recurring suggestions made in these studies has been that matching 
not only the hydrogel modulus, but also the hydrogel mesh size (or permeability) and 
degradation rate to that of the native tissue may be advantageous for obtaining cellular 
behavior and regeneration of new tissue as desired.  Since the extracellular matrices of 
natural tissues have a wide variety of permeability, degradation and modulus properties, 
developing hydrogels with unique combinations of these attributes may lead to new tissue 
regeneration possibilities.       
 
2.1.3 Importance of Biodegradation  
Ideally, hydrogels for tissue engineering applications should be biodegradable for 
a number of reasons.  First, the use of biodegradable hydrogels helps to avoid the chronic 
inflammation responses associated with permanent implants or the need for invasive 
removal surgeries [25].  Secondly, biodegradability presents the opportunity for the 
degradation rate of the hydrogel to be matched with the rate of synthesis of new tissue, 
which has been found to be favorable for cellular viability [3, 26].  For instance, Bryant 
and Anseth investigated optimal hydrogel degradation rates and characteristics for tissue 
regeneration and found that degradation uniquely allows hydrogels to initially support 
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high physiologically relevant compressive loads while allowing changes in mesh size 
over time that can facilitate regeneration [20, 27, 28].  In one study, they found that 
degradable hydrogels of PLA-PEG-PLA copolymerized with di-acrylated PEG (PEG-
DA) had several favorable outcomes when a higher percentage of degradable crosslinks 
were incorporated [28].  They found that DNA content in the hydrogels doubled, the total 
collagen content increased significantly, and type II collagen was distributed more 
uniformly when the hydrogels had higher percentages of degradable crosslinks.  In a 
related follow-up study, it was found that chondrocytes in biodegradable hydrogels of 
high initial modulus yielded cartilage that was rich in glycosaminoglycans (GAGs) and 
collagen [27].  Furthermore, in a more extensive study, Benoit et al. found similar results 
for di-methacrylated PEG (PEG-DM) hydrogels copolymerized with PLA-PEG-PLA.  
They found that metabolic activity, alkaline phosphatase production, osteopontin and 
collagen type I gene expression, and mineralization all increased as the content of 
degradable PLA-PEG-PLA in the hydrogels was increased [29].       
Lastly, when growth factors or other drugs are incorporated into the hydrogel for 
release, degradation can be used to complement diffusion-controlled release, providing an 
additional method of control over the drug-release profile [30-32].  A wide variety of 
biodegradable hydrogels have been identified with the ability to undergo tunable 
enzymatic and hydrolytic degradation under physiological conditions [15].    
 
2.1.4 Significance of Mechanical Properties 
As an increasing amount of attention has been paid to the role of biomechanics in 
the success of tissue engineering approaches, the need for biodegradable scaffolds with 
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mechanical properties that approach those of the native tissue has also become more 
evident [26, 33].  A growing number of studies has revealed that mechanical properties 
on both the microscopic and the macroscopic level play significant roles in cell-signaling 
and hence on the synthesis of extracellular matrix tissues, which can be mimicked in the 
regeneration of tissues from cell-seeded scaffolds [6, 34].  On the micromechanical scale, 
the stiffness modulus of the scaffold is responsible for the transmission of physical cues 
to cells, which affects the differentiation, proliferation and migration of these cells [21, 
33, 35, 36].  Several studies have found that a relatively high initial hydrogel compressive 
modulus (~ 0.1 – 0.5 MPa) can lead to increased type II collagen and sulfated 
glycosaminoglycan (sGAG) synthesis as well as homogenous GAG distribution [20, 23, 
27].  This research suggests that ultimately the modulus can help to determine the type, 
quality,  amount and spatial arrangement of tissue that is synthesized [37].  Therefore the 
stiffness modulus should ideally be tailored to mimic the mechanical environment of the 
tissue being synthesized [38].  As more information is learned about the effects of 
stiffness on various types of cells, tuning the modulus of hydrogel substrates could have 
great implications in regenerative applications including cardiomyoplasty, muscular 
dystrophy and neuroplasty [37, 39, 40].  
Additionally, the stiffness of the hydrogel is important because a number of tissue 
engineering strategies have shown that applying mechanical stimulation to cell-seeded 
hydrogels can lead to enhanced tissue regeneration.  However the results are highly 
dependent on the type of hydrogel in a manner that appears to depend at least partly on 
the hydrogel modulus.  For instance, compared to PED hydrogels, it was found that the 
application of dynamic loads to cell-seeded agarose hydrogels resulted in more functional 
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tissue-engineered cartilage, with the obtained constructs having enhanced mechanical 
properties compared to those of free-swelling constructs.  The outcome of the study 
suggested that the local biomechanical cues sensed by hydrogel-seeded cells are as 
dependent on the existing mechanical properties of the hydrogels as on the external loads 
and frequencies applied to the hydrogels [18].  
 
2.1.5 Significance of Hydrogel Mesh Size 
The hydrogel mesh size ( ), and its effect on the equilibrium swelling of a 
hydrogel, are very important parameters for tissue engineering.  The mesh size and the 
equilibrium swelling of hydrogels have been found to affect the synthesis of regenerated 
tissue directly through effects on cellular behavior and also less directly through effects 
on nutrient, oxygen and metabolite transport and the amount of space in the cellular 
microenvironment [21].  In one study on photopolymerized poly(ethylene glycol) (PEG) 
hydrogels, high swelling ratios of       (water content ~ 90%) lead to homogenous 
diffusion of glycosaminoglycan (GAG) diffusion throughout the hydrogel-tissue 
construct, whereas lower swelling ratios of       (water content   80%) lead to 
localization of GAGs in the pericellular region [20].   Several other studies have found 
that cell proliferation increased with the swelling ratios of the hydrogels investigated [21, 
41, 42].  On the other hand, some studies have also shown that increasing the mesh size 
can have undesired effects for some types of cells and tissues as measured through rate of 
cell dispersion, collagen content or collagen expression [22, 24].  At the same time, it was 
suggested that these results may be related to the small fineness (diameter) of the 
investigated cartilage fibrils relative to the hydrogel mesh size, which may have lead to 
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collagen being lost.  Compared to the nascent tissues investigated in the study (fibrils 10 
to 20 nm in diameter), cartilage fibrils range widely in diameter from 10 to 150 nm 
depending on the zone and maturity of cartilage [22].  Thus, it was suggested that 
conflicting results for the effects of mesh size on tissue regeneration may be settled by 
future investigations into the regeneration of various types of tissues.  The development 
of new systems and techniques allowing mesh size effects to be independently 
investigated in 3D hydrogels (which is already underway) will likely aid in this endeavor.  
 
2.1.6 Properties of Cartilage and Bone 
For the engineering of high load-bearing tissues such as cartilage and bone, the 
compression and shear modes are the primary modes of loading in vivo [43].  Cartilage in 
particular is subjected mostly to compressive strains [44].  The average water-content of 
human articular cartilage has been reported to have a minimum value around 72% [45, 
46].  Yet due to the nature and structure of the extracellular matrix components, 
compressive modulus values for human native articular cartilage have been reported in 
the ranges of 0.5 – 1.0 MPa [20, 44] and 1.9 – 14.4 MPa [45, 46].   
 It is known that a pres-stress condition arises in cartilage between the confining 
collagen structure and proteoglycans that expand in the presence of water, resulting in 
resistance to applied mechanical loads  [47].  At the same time, many of the extracellular 
matrix components are capable of being degraded by enzymes in the body for the 
appropriate remodeling of the matrix in coordination with both the transport needs and 
the actions of cells for the maintenance of the tissue.  Finally, the high water-content of 
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cartilage aids in the transport of growth factors and other nutrients and helps to increase 
cell-affinity. 
 
2.1.7 Photopolymerization of Hydrogels for TE 
Photopolymerization has been used to form crosslinked hydrogel networks for a 
wide variety of biomedical applications, including hydrogels used as scaffolds for tissue 
regeneration and for drug delivery [8, 48, 49].  Photopolymerizable monomers or 
macromers usually contain two reactive groups.  Such monomers and macromers include 
PEG di-acrylate or di-methacrylate based molecules, dextran methacrylate, modified 
poly(vinyl alcohol) (PVA), PLA-b-PEG-b-PLA, collagen and polysaccharides.  
Typically, bulk photopolymerization is used where a monomer or macromer is dissolved 
in solution with a photoinitiator and exposed to a light source that initiates free radical 
polymerization (through cleavage or hydrogen abstraction of the photoinitiator).  For 
tissue engineering applications, photoinitiators are usually incorporated at low 
concentrations in the range of 0.0125 – 2 % w/w [48].  At the same time, crosslinkers, 
drugs and/or cells can be incorporated into the solution to form (for instance) a 
crosslinked network with cells seeded in the network scaffold (Figure  2.1).  For 
photopolymerization with cells or tissues, this can safely be done if requirements such as 
low light intensity, short UV exposure time and an appropriate physiological temperature 
range are met.  For subcutaneous tissue regeneration and drug delivery, the 
photopolymerization solution can be injected into the body and the light source can be 
applied transdermally for formation of the hydrogel [8].  UV light sources with 




 have often been used for tissue engineering, drug delivery and cell 
encapsulation [48].       
 
Figure ‎2.1.  Idealized photopolymerization of polymer network with cells and drug incorporated 
 
One of the advantages of photopolymerization includes the ability to have spatial 
and temporal control over the formation of the hydrogel, which can be performed in vivo 
non-invasively under the right conditions [48].  Additionally, complex shapes can be 
filled using photopolymerization, and macromers can be incorporated with a wide range 
of degradation and other characteristics [27].  Compared to other polymerization 
schemes, photopolymerization usually occurs rapidly (in a few minutes) which is 
advantageous for the incorporation of proteins and cells since minimal prolonged 




2.2 Types of Hydrogels 
Hydrogel scaffolds commonly used for tissue regeneration of tissues such as 
cartilage have included natural polymers such as collagen, alginate and chitosan, as well 
as synthetic scaffolds such as polyl(lactic acid) (PLA) and poly(lactic-co-glycolic acid) 
(PLGA).  Synthetic polymers are generally regarded as being easier to tailor for a wide 
range of mechanical and chemical properties, particularly through manipulation of factors 
such as molecular weight and crosslink density or through chemical modifications [51].  
In particular, the use of block copolymers or end-linked hydrogels with well-defined 
structures and predictable, reproducible properties are advantageous. 
 
2.2.1 PLA-b-PEG-b-PLA Hydrogels 
Photopolymerized poly(lactic acid)-b-ploy(ethylene glycol)-b-poly(lactic acid) 
(PLA-b-PEG-b-PLA) hydrogels were most notably synthesized by Sawhney et al. in 
1993 for use in biomedical applications [52].  Since then a number of groups have 
investigated the use of these hydrogels as degradable tissue engineering scaffolds and 
drug delivery matrices [28, 53-59].  The hydrogels are formed by first making ABA 
block copolymers of PLA and PEG [60, 61] and then adding either acrylate or 
methcrylate functionalities to the chain-ends to make them photopolymerizable.  A 
schematic of the macromers obtained for photopolymerization of these hydrogels is 







     
















   
 
 









Figure ‎2.2.  Photopolymerizable and biodegradable PLA-b-PEG-b-PLA hydrogels 
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The PEG component is hydrophilic and is responsible for the high-swelling of the 
hydrogels crosslinked from these macromers.  At the same time, PLA provides points for 
degradation and the acrylate groups provide double bonds for network formation through 
processes such as photopolymerization.  PEG is a biocompatible polymer that is resistant 
to protein adsorption, has good permeability, and has widely been used in biomedical 
applications [18, 22, 62, 63].  PLA is a United States FDA approved biodegradable 
polymer that is hydrophobic in nature and as has also been used extensively in 
biomedical applications [64].   
 
Figure ‎2.3.  Degradation products of PLA-b-PEG-b-PLA hydrogels 
 
 
The degradation scheme of the PLA-PEG-PLA hydrogels is shown in Figure  2.3 
[54].  In aqueous environments the PLA ester linkages are hydrolyzed, and once enough 
PLA bonds are broken then fragments of the network begin to be released.  The final 
degradation products are PEG chains, oligo(acrylic acid) chains (or polyacrylate chains) 
and monomeric or oligomeric lactic acid (LA) residues [52, 54].  The PEG blocks can be 
eliminated by the kidneys when the PEG MW is less than about 10,000 g/mol [65].  The 
degree of polymerization of the oligo(acrylic acid) chains is expected to be small enough 
to be soluble and relatively non-toxic, while the degradation products of lactic acid are 
natural metabolites that are naturally cleared by the body [52].   
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2.2.2 Degradable PAA Hydrogels 
Poly(acrylic acid) PAA hydrogels have been used widely in tissue engineering 
and drug delivery applications due to their hydrophilic and pH-sensitive nature, 
permeability and biocompatibility [12, 46, 66].  While PAA is not degradable, it has 
previously been used as a crosslinked, copolymerized, grafted or semi-interpenetrated 
component in enzymatically and hydrolytically biodegradable hydrogels for a number of 
colon-specific drug delivery and cardiovascular tissue engineering investigations [12, 67-
72].  Additionally, similar polyelectrolyte hydrogels such as meth(acrylic acid) (PMAA), 
have been crosslinked using biodegradable di-methacrylated poly( -caprolactone)-b-
poly(ethylene glycol)-b-poly( -caprolactone) (PCL-b-PEG-b-PCL) crosslinkers for use 
as smart, pH-sensitive drug delivery systems [73].  Similarly, N-isopropylacrylamide 
(PNIPAAm) and acrylamide (AAm) copolymer hydrogels have been synthesized with 
biodegradable PLA-b-PEG-b-PLA crosslinkers, with potential use in drug delivery [74].   
 
2.2.3 PEG/PAA IPNs 
IPNs of PEG and PAA have previously been investigated by several authors, 
where the existence and effects of hydrogen bonding between the components has been 
one of the main interests [75-78].  PEG/PAA IPN hydrogels have also been investigated 
for a number of biomedical uses, including PEG/PAA DNs which have been developed 
and tested for use as artificial cornea implants and tissue engineering scaffolds [46, 79-
86].   
Additionally, in the dry state, the miscibility of PEO/PAA IPNs has previously 
been characterized [76].  For equimolar concentrations of PEO and PAA in an IPN, the 
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miscibility has been found to depend on two main characteristics: (1) the molecular 
weight of the PEO chains (which directly affects    ) in the first network and, (2) the 
crosslinking degree (or the    ) of the PAA second network.  Intermediate PEO MWs 
(ranging from 600-2,000 g/mol) resulted in three transitions attributed to relaxations of 
the PEO-rich phase, the PEO-PAA complex and the PAA-rich phase.  At the lowest PEO 
MW of 300 g/mol, only two transitions representative of the PEO- and PAA- rich phases 
were observed, suggesting that no complex-phase was formed at all.  In contrast, at the 
highest PEO MW of 6,000 g/mol, a single loss modulus transition (or Tg) was observed, 
attributed to the existence of a single complex phase.  However, for the 6,000 g/mol PEO 
network, only the lowest mol % crosslinker concentrations (0.5 to 2 mol %) for the PAA 
component yielded IPNs with a single Tg.  When the PAA crosslinker mol % was 
increased above 2%, three loss moduli transitions appeared again.  As mentioned above, 
this behavior is typical for IPNs consisting of polymer pairs that exhibit miscibility, 
although it is opposite to the behavior of regular IPNs, in which miscibility is usually 
enhanced by higher crosslinking of either component.  Interestingly, the study also found 
that varying the MW of the PEO component (the first network) had a greater effect on the 
miscibility of the IPN than the crosslinking degree of the (second) PAA network did.  
This behavior was consistent with a determination by Sperling that the effect of the 
crosslink density of the first network on the domain sizes of phases in a seq-IPN should 
be about 10 times greater than the effect of the crosslink density of the second network 
[76, 87].           
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2.2.4 Summary of Hydrogels with Unique Mechanical Properties 
A number of recent strategies have been successful in obtaining hydrogels with 
unique mechanical properties.  For instance, nanocomposite (NC) and slide-ring (SR) 
hydrogels have been developed with extremely high extensibilities (up to 1000% for NC 
gels) [88, 89].  The key feature leading to the extensibilities of these gels are their mobile 
cross-link junction points, with the use of figure-eight shaped crosslinks for the SR gels 
and homogenously dispersed clay crosslinkers for the NC gels.  In addition, scaffolds 
with geometrically fabricated (electrospun or micropatterned) structures have been 
developed with a range of mechanical properties.  However, these scaffolds must be 
formed outside of the body and therefore require surgery for implantation. 
For the development of robust, injectable hydrogel scaffolds that can be 
photopolymerized or otherwise formed in vivo, double network (DN) hydrogels are a 
very promising approach.  Double network (DN) hydrogels are a class of interpenetrating 
polymer network (IPN) hydrogels that are formed through sequential polymerization 
using combinations of polymers with favorable interactions.  The DN network strategy 
has been used successfully to obtain hydrogels with significantly enhanced strength 
and/or modulus properties.  The choice of polymers used in the system is significant as 
the existence of favorable enthalpic interactions is believed to play a role in the 
enhancement of the hydrogel strength, through the formation of additional secondary-
bond cross-links that help to stabilize main cross-link junctions.  The enhancement of the 
young’s modulus of the DN hydrogels is believed to be due to the existence of a “pre-
stress” condition that arises due to differences in the equilibrium swelling of the two 
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interpenetrated networks used to form the DN hydrogel.  DN hydrogels, as first 
introduced, generally tend to have the following characteristics in common: 
 
1) The first network is made with a low molecular weight between cross-links (   ) and is 
usually brittle 
2) The second network is made with a high     and is usually ductile  (the strategy has 
also been successful when the second “network” or component has been un-crosslinked 
(leading to a semi-IPN) as long as the linear chains had a molecular weight above a 
critical value,       
3) The second component usually constitutes the majority of the overall network (is 
usually present in a higher molar ratio) 
4) One of the networks is a neutral, flexible polymer and the other network is a 
polyelectrolyte   
5) Favorable interactions usually exist between the two components, due for instance to 
the formation of inter-polymer complexes (IPCs) 
6) The DNs are usually sequentially polymerized 
 
DN hydrogel combinations that have been made with enhanced mechanical 
properties include poly(2-acrylomido-2-methylpropane-sulfonic acid)/polyacrylamide 
(PAMPS/PAAM) DN hydrogels [90] and poly(ethylene glycol)/poly(acrylic acid) 
(PEG/PAA) DN hydrogels [46].   The DN strategy has been used to obtain hydrogels at 
around 90% water-content with compression fracture strength on the order of up to 40 
MPa despite the individual network components having strengths on the order of 0.2 MPa 
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[91].  At the same time, PEG/PAA DN hydrogels have successfully been made with a 
water-content around 65% and a modulus around 12 MPa, which is comparable to the 
properties of the human cornea and human cartilage [46].  While the properties of a 
number of the non-degradable DN hydrogels are similar to those of cartilage, there 
remain very few biodegradable hydrogels with mechanical properties similar to cartilage. 
The toughening of the DN hydrogels has been connected to the favorable 
attractive enthalpic interactions between the polymer components of the DN hydrogels 
[92].  For instance, it was recognized that the toughness is greater for DN hydrogels 
composed of polymers with favorable intermolecular interactions than for DN hydrogels 
with no favorable intermolecular interactions.  Hence, DN hydrogels of PAMPS/PAAM 
and PAA/PAAM were found to yield significantly better mechanical properties than DN 
hydrogels of PAMPS/PAMPS, PAA/PAA or PAAM/PAAM.  Particularly, when strong 
cooperative interactions exist between polymers, (such as those that arise during 
interpolymer complex formation) it has been found that the regular repeating structure 
can lead to more uniformly distributed energy-dissipating mechanisms that help to 
prevent run-away fracture, potentially leading to enhanced fracture strength [92].  
The enhances in initial modulus, on the other hand, are believed to be due to a 
pre-stress condition that is imparted as a result of the difference in swelling of the two 
networks  [46].  This pre-stress condition arises due to the neutral nature of the first 
network and the high swelling of the second network, which is maximized particularly 
under ionizing conditions (typically at pH 7.4).  As observed through the variation of 
parameters such as the molecular weights of each component, it is believed that the pre-
stress condition tends to result in a higher initial modulus and an increase in the rate of 
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strain hardening over the stress-strain profile.  A similar pre-stress condition exists in 
cartilage, in which proteoglycans expand against the main confining structure of cartilage 




2.3 Theory of Hydrogel Networks 
A number of theories have been developed to characterize the swelling and 
mechanical properties of hydrogels.  These theories can be used to calculate structural 
characteristics of the hydrogels such as the molecular weight between crosslinks (   ), 
the mesh size ( ), and the crosslink density ( ), and the effective number of cross-linked 
subunits,   .  
2.3.1 Equilibrium Swelling Theory 
For the characterization of these parameters, equilibrium swelling theory and is 
very useful.  The theoretical model developed by Flory and Rehner is one of the most 
established theories for determining the structural characteristics of hydrogels.  
Characterization of hydrogel swelling with this theory is based on the Flory-Huggins free 
energy of mixing between the polymer and solvent (     ), balanced by the elastic free 
energy associated with expansion of the polymer network chains (    ) [5, 93]: 
 
                        (1) 
The Flory-Huggins equation derived for       is [94] 
 
                                   (2) 
where   and    are the number of moles of solvent and polymer, and    and    are the 
volume fractions of solvent and polymer.   
 
 is the Flory polymer-solvent interaction 
parameter.  The first two terms in the parentheses account for increases in entropy due to 
an increased number of distinguishable spatial arrangements that arise when polymer 
segments are mixed with solvent molecules, compared to the number of spatial 
arrangements possible for pure polymer or solvent molecules.  Mixing is favored when 
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       , so these two entropic terms favor mixing (     and      are always 
negative).  The last term in the equation incorporates the effects of polymer-polymer, 
solvent-solvent and polymer-solvent interaction energies, accounted for by  
 
.   
  
depends on temperature and has been found to vary with   .   
For crosslinked polymer networks, the second term in parentheses becomes 
negligible since fully crosslinked networks are essentially made up of one molecule, 
which means that    approaches zero.  Therefore, for crosslinked polymer 
networks       simplifies to  
 
                          (3) 
 For the elastic energy contribution,     , to the free energy (          ) of the 
crosslinked polymer network, rubber elasticity theory is useful.  The crosslinked 
networks are assumed to behave like an ideal rubber, responding to externally applied 
stresses only by uncoiling rather than by bond bending or stretching, thereby deforming 
without significant change in internal energy             [93].  For amorphous 
crosslinked materials above their glass transition temperature (    ), this is a valid 
assumption since experimentally        has been found to be very small.  Therefore, the 
elasticity of the network is defined by its entropic elasticity [93]:         
 
              (4) 
The entropic elasticity of the network,      , is characterized by a decrease in the ability 
of the polymer network chains to assume as wide a variety of spatial conformations as the 
chains are extended during deformation (in response to applied force or to swelling of the 
network).  Both Gaussian and non-Gaussian distributions have been used in the 
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derivation of       to account for changes in the probabilities of accessible chain 
conformations during deformation.  For instance, assuming a Gaussian distribution, 
derivation of the      term leads to 
 
        
    
 
    
     
     
      (5) 
where   ,    and    are linear expansion factors in the x, y and z directions accounting 
for positional changes in the ends of polymer segments during deformation.    is the 
moles of effective chains in the network.  For isotropic swelling of a rubber-like polymer 
network in a solvent                , this equation simplifies to  
 
        
       
 
         (6) 
which leads to  
 
               
      
 
    
    
     (7) 
since 
 
     
    
 (8) 
The sum of       (Equation 3) and       (Equation 4) gives the free energy of a swollen 
polymer network hydrogel: 
 
                                
      
 
    
    
     (9) 
During swelling and expansion of the polymer networks, the force due to mixing 
decreases and the elastic force restricting swelling of the network increases until a 
balance is achieved leading to equilibrium swelling.  At equilibrium, the chemical 
potentials    and   
  of the solvent inside the gel and of the pure solvent outside of the gel 
are equal.  Since      
  is equal to the derivative of            with respect to    at 
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constant temperature (T), pressure (P) and   , the derivative can be set equal to zero at 
equilibrium swelling.  By rearranging and substituting the derivative, the following 
equation for     can be obtained for networks with tetra-functional crosslinks, as was 
derived by Flory and Rehner [5, 95, 96]:  
 
             
    
   
    




                       
     (10) 
where    is the density of the polymer,    is the molar volume of the solvent, and     is 
the number-average molecular weight of the polymer before crosslinking (of the un-
crosslinked polymer) [5].  The factor               arises as a correction for network 
imperfections accounting for loose dangling chain ends only connected to the network by 
one end.  For perfect networks or for situations where         , the correction becomes 
negligible and approaches a value of one [5, 97].   
In cases where the value of     is needed but is not immediately available, as in 
the preparation of a hydrogel by copolymerization or crosslinking with a crosslinker,     
can be determined from polymerizing the main monomer under the same experimental 
conditions without the crosslinker [5].      can also be calculated by using equations 
developed for free radical polymerization initiated by thermal homolysis of an initiator 
[98] or for a photopolymerized network [99] if values of the required parameters are 
available.    
The value of   , the polymer volume fraction, can be calculated from the dry 
weight (    and the swollen weight      of the hydrogel using [100, 101]: 
 












which arises from the relationship        where   is the volumetric swelling ratio 
(    [volume polymer + volume solvent] / volume polymer) [22], and    and    are the 
densities of the polymer and solvent.  For this calculation, volume additivity of the 
polymer and solvent adsorbed in swelling is assumed [101].     
Equation 10, developed by Flory and Rehner, is for the swelling of networks that 
were crosslinked in the solid state.  A similar equation was later derived by Peppas and 
Merrill for the equilibrium swelling of networks that were crosslinked from a solution 
[5]:  
 
             
    
   
   
  
    
 






    
                              
     (12) 
Here,      is the polymer volume fraction immediately after crosslinking but 
before swelling, known as the relaxed polymer volume fraction.  For a hydrogel 
crosslinked in the solid state         and Equation 12 simplifies back to Equation 10. 
In addition to Equation 10 and Equation 12, which are based on a Gaussian 
model, non-Gaussian models have also been used to characterize the equilibrium swelling 
of highly crosslinked hydrogel networks.  Highly crosslinked networks are better 
characterized using non-Gaussian models because Gaussian distributions assume that the 
end-to-end distance between network chain ends is much smaller than the contour length 
of the actual network chains.  Peppas et al. [102] and Kovac [103] have made similar 
derivations of non-Gaussian models for highly crosslinked hydrogels.  A useful model, 
developed by Kovac [103] provides the non-Gaussian calculation of    using a statistical 
treatment tailored for short chains and large deformations: 
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     (13) 
where N is the number of bond vectors per chain and can be calculated from the 
relationship [5] 
 
   
    
  
 (14) 
  is the number of links per repeating unit, which has a value of   = 2 for all vinyl 
polymers.    is the molecular weight of the repeating unit.     
 
Figure ‎2.4.  A) Hydrogel    and  , B) Effect of crosslink density on hydrogel properties (adapted 
from [50] 
 
The crosslinking density of the polymer network,  , as defined by Flory [95] and 
Peppas and Merrill [104], is the average number of effective chains in the swollen 
volume of the polymer network.    can be calculated from the specific volume (  ) of the 
polymer and    as follows: 
 
           (15) 
 A theoretical crosslink density can also be calculated when a crosslinking agent is 
used, assuming both vinyl groups become effective with formation of an ideal network 
 27 
without any free chain-ends [102].  In this case, the theoretical number of effective chains 
is  
 
     (16) 
where   is the concentration of the crosslinking agent.   
 The polymer mesh size,  , is another significant parameter for swollen hydrogel 
networks that measures the actual space available for solute transport within the 
hydrogel.  Since   is measured in angstroms (Å), it can be compared directly to the sizes 
of peptide and protein drugs that can be incorporated into the hydrogel for subsequent 
drug release.  For tissue engineering purposes, the mesh size could be correlated to the 
potential transport of nutrients and growth factors when implanted in the body.  The mesh 
size of the hydrogel network is calculated from    
 , the mean-square end-to-end distance 
of the polymer network chains in the unperturbed state (without the effects of interactions 
between far-apart chain elements along the chains) [105]:   
 
   
       
  (17) 
   (obtained at large values of  ) is the Flory characteristic ratio (or rigidity factor) of 
the polymer which arises from considering short-range chain interactions [98].    is the 
number of bond vectors per chain (or number of links between crosslink junctions) as 
defined above in Equation 14,                Additionally,   is the bond length along 
the polymer backbone chain.  For C-C bonds,              , and for C-O bonds 
             [105, 106]. 
Then the mesh size,  , in the swollen state is calculated as [5] 
 
         
           
    
     
      (18) 
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which leads to  
 
     
    
   
   
  
     
  
 
   
  (19) 
 
2.3.2 Rubber Elasticity Theory 
For hydrogels crosslinked from solutions, expressions for the stress,  , in terms of 
the deformation or extension ratio,  , have been developed and modified by several 
authors, including Silliman, and  Peppas and Merrill [5, 107].  The following equation, 
developed by Peppas and Merrill, is applicable to a swollen outstretched sample 
crosslinked from solution [5]: 
 
         
  
  
   
   
 
   
       
 
  
  (20) 
where    is the number of effective chains in the network.  The front factor  
   
 
   
  , 
which is the ratio of the mean square end-to-end distance of chains in a real network 
compared to that of isolated chains, is often assumed to be 1 [5, 108].  
A similar equation has been developed for the compressibility modulus of a 
swollen hydrogel crosslinked from solution [109, 110]:  
 
      
    
  
 
   
      
       
 
  
  (21) 
where   
  is the effective crosslink density  (mol/cm
3
 of effective network chains). 
Then, using constitutive relationships, the compressive modulus is 
 
       
    
  
 
   
      
   (22) 
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which leads to [101, 111]  
 
          
   
  
   
   
  (23) 
  
2.3.3 IPN Hydrogel Theory  
A general equation for the equilibrium-swelling characterization of seq-IPNs with 
a single Tg has been developed by Li et al. [112].  The equation has been proposed as a 
means of quantitatively characterizing the extent of physical crosslinks in IPNs that 
exhibit miscibility.  It is based on an initial derivation by Thiele and Cohen that was 
developed to characterize the equilibrium swelling of homo-IPNs (specifically 
polystyrene/polystyrene IPNs) [113].  Thiele and Cohen’s derivation was later modified 
by Siegfried, Thomas and Sperling to account for internal energy changes on swelling 
[114].  These equations have been found to fit the equilibrium swelling of IPNs better 
than the Flory-Rehner equation, which was developed for single-network hydrogels.  The 
derivation by Li et al. is based on these developments, taking into consideration the 
theory of ternary systems consisting of two polymers in a solvent, leading to [112, 115]: 
 
 
                                         
  
    
    
    
     
   






    
 





    
    
    
     
   
      
  
 






where   is the overall IPN volume fraction and    and    are the volume 
fractions of the two polymers in the IPN in the equilibrium-swollen state (so that 
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           ).    
  and   
  are the volume fractions of each polymer network 
component in the dry state of the IPN.   1,  2, and  1,2 are the polymer-solvent and 
polymer-polymer interaction parameters, ρ1 and ρ2 are the densities of the two polymers, 
and    is the molar volume of the solvent.       and      are the molecular weight 
between crosslinks of the individual polymer networks (as calculated through Flory-
Rehner swelling measurements), and     and     represent the molecular weights of the 
two polymer networks (assumed to be ideal, so that     and     →  ).  This assumption 
leads to slightly high values of  , especially at lower crosslink densities. 
Siegfried, Thomas and Sperling developed an equation for the rubbery modulus of 
compatible seq-IPNs assuming good continuity and minimal chain conformation 
perturbation of the second polymer in the IPN.  For additivity of the modulus 
contributions of the two network components, mutual network dilution and co-continuity 
of the two networks are assumed and any additional internetwork physical crosslinks are 
neglected.  This leads to an equation for the modulus, ER,IPN, of seq-IPNs composed of 
two polymers above their respective glass transition temperatures [114-116]: 
 
             
 
             (25) 
 
          
 
       
           
   (26) 
Here,    and    are the volume fractions of the two polymers components, N1 and N2 are 
the number of moles of network chains per cm
3
 for each of the polymer components, R is 
the gas constant and T is the absolute temperature.  N1 and N2 are determined from the 
rubbery modulus of the unperturbed single networks using the relationship E = 3  RT 




R,2, the modulus of the 
single networks in the rubbery state, can be used as in Equation 26.  Since the single 
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R,2), effects such as physical 
crosslinking, branching, and incomplete crosslinking in the seq-IPN are expected to be 
highlighted by experimental differences from the theoretically calculated modulus.  
Additionally, since both Equation 25 and Equation 26 ignore contributions due to mutual 
entanglements or added crosslinks, the experimental values of the IPN volume fraction 














CHAPTER 3  
EXPERIMENTS 
3.1 Synthesis and Preparation of Hydrogels 
3.1.1 Synthesis of di-acrylated PLA-PEG-PLA Macromers 
 The di-acrylated PLA-b-PEG-b-PLA macromers, illustrated in Figure  3.1, were 
made in a two-step method by adapting procedures described in the literature [52, 53, 59, 
117].  The PLA-PEG-PLA macromers were primarily made for the preparation of PLA-
PEG-PLA hydrogels with varied chain lengths (using PEG MWs of 2000, 4000 and 8000 
g/mol).  Additionally, a fourth PLA-PEG-PLA macromer was made for use as a 
biodegradable crosslinker in the preparation of the PAA hydrogels (using a PEG MW of 








     
















   
 
 









Figure ‎3.1.  Di-acrylated PLA-b-PEG-b-PLA macromer 
 
  
 In the first step of the synthesis of the di-acrylated PLA-b-PEG-b-PLA 
macromers, tri-block PLA-b-PEG-b-PLA copolymers were formed through ring-opening 
polymerization.  PEG was reacted with given amounts of d,l-lactide (3,6-dimethyl-1,4-
dioxane-2,5-dione, Mw = 144.1 g/mol) at 120 °C , using stannous octoate as a catalyst.  
Prior to this reaction PEG was dried by azeotropic distillation in benzene and d,l-lactide 
was double-recrystallized in ethyl acetate.  All glassware was dried at 100 °C for 24 hrs 
prior to the reaction.  In a typical reaction, PEG (1 equiv) and d,l-lactide (5.5 equiv) 
were placed in a round-bottom flask, dissolved in anhydrous toluene (PEG concentration 
≈ 50mM) and heated under stirring and argon flow until they  were fully dissolved and 
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mixed well (around 90 °C).  The reaction mixture was then cooled to room temperature, 
stannous octoate (tin-II-ethyhexanoate, 0.5 equiv) was added, and the reaction mixture 
was heated to 120 °C under stirring for 24hrs in an argon-flow atmosphere.  At the end of 
24 hrs, the copolymer was precipitated in heptane (250-500 mL) and then dried in a 
vacuum oven for 24 hrs at 40 °C.   
 
Figure ‎3.2.  Synthesis steps for di-acrylated PLA-b-PEG-b-PLA macromer (adapted from [8]) 
  
 In the second step, the obtained PLA-b-PEG-b-PLA copolymers were reacted 
with acryloyl chloride to functionalize the hydroxyl chain-ends with photo-crosslinkable 
acrylate chain-ends.  In the literature, triethylamine (TEA) has been widely used as a 
proton scavenger for these kinds of reactions.  However, potassium carbonate (K2CO3) 
was substituted for TEA in this study as has been done in a few recent studies due to 
concerns about the color-inducing effect and cytotoxicity of TEA [117, 118].  Prior to the 
reaction, K2CO3 was dried overnight at 110 °C and then cooled in a vacuum oven 
immediately before use.  In a typical reaction, a PLA-b-PEG-b-PLA copolymer (1 equiv) 
was dissolved in dichloromethane (PLA-b-PEG-b-PLA concentration ≈ 15mM) in a 
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round-bottom flask with a magnetic stirrer and cooled to 0 °C in an ice bath.  K2CO3 (30 
equiv) was added to the solution under stirring and then acryloyl chloride (30 equiv) 
dissolved in ~ 2-10 mL dichloromethane was added drop by drop under argon flow.  
After all acryloyl chloride was added, the reaction was left for 24 hrs at room temperature 
under argon with vigorous stirring.  At the end of the reaction, the mixture was filtered in 
order to remove solid side-products and unreacted K2CO3.  The filtrate was then 
precipitated in heptane (250-600 mL), redissovled in dichloromethane and precipitated in 
heptane a second time.  At that point, solid powders or waxy solids were obtained and 
were dried in a vacuum oven at 40 °C for 24 hrs. 
  
3.1.2 Photopolymerization of PLA-PEG-PLA Hydrogels 
 A series of PLA-PEG-PLA hydrogels was made for single-network 
characterization and another series was made for use in the formation of PLA-PEG-
PLA/PAA DN hydrogels.  For preparation of each series, the di-acrylated PLA-PEG-
PLA macromers described above (PEG Mw = 2000, 4000 and 8000 g/mol) were 
dissolved in distilled water to macromer concentrations of either 25 or 50 wt%.  A 
photoinitiator, 2-hydroxy 2-methylpropiophenone (Darocur 1173), was added to the 
solution at a concentration of 1 % w/w photoinitiator with respect to the PLA-b-PEG-b-
PLA macromer.  This solution was then stirred well, sonicated in some instances to 
remove air bubbles, and pipetted into a square-shaped mold approximately 1.5 cm wide 
and 1mm deep.  Next, argon gas was bubbled through the solution for 5 minutes in order 
to remove any dissolved oxygen, and the solution was placed into a UVX photo-
crosslinker oven for a total of 4 hrs of UV exposure at a wavelength of 365 nm and an 
intensity of 4.5 mW/cm
2
.  Mid-way through the 4 hour period the crosslinked polymer 
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was flipped to allow even exposure to both sides.  Thus, crosslinked PLA-PEG-PLA 
networks were obtained and disk-shaped samples were cut from the square films.  The 
samples were then dried in a vacuum oven for 24 hrs at 50 °C and weighed to obtain an 
initial dry weight (wi).  Next, they were extracted though swelling in chloroform for 24 
hrs, and dried and weighed again to obtain an extracted dry weight (wd).  The first series 
of PLA-PEG-PLA networks (diameter = 2.5 mm) was then used for the swelling, 
mechanical and degradation testing of single-network PLA-PEG-PLA hydrogels.  The 
second series of PLA-PEG-PLA networks (diameter = 2 mm) was used for the formation 
of PLA-PEG-PLA/PAA DN hydrogels, as described further below.  
 
3.1.3 Photopolymerization of PAA Hydrogels with Biodegradable Crosslinker 
 Degradable single-network poly(acrylic acid) (PAA) hydrogels were made by 
adapting procedures used in the literature for the preparation of (non-degradable) PAA 
hydrogels [46], degradable poly(N-isopropylacrylamide-co-acrylamide) (poly(NIPAAm-
co-AAm) hydrogels [74], and degradable poly(methacrylic acid) (PMMA) hydrogels 
[73].  A photo-crosslinkable solution was made consisting of acrylic acid (AA) monomer, 
distilled water, Darocur 1173 photo-initiator (1 % v/v with respect to AA monomer), and 
a biodegradable PLA-PEG-PLA crosslinker.  Prior to the solution preparation, the AA 
monomer was distilled by vacuum distillation for the removal of inhibitor.  The 
biodegradable PLA-PEG-PLA crosslinker was synthesized using the method described 
above for synthesis of the di-acrylated PLA-PEG-PLA macromers, using a PEG MW of 
600 g/mol.  The solutions were made with a constant AA volume fraction of 0.8 and 
crosslinker concentrations of either 1 % or 8% v/v (with respect to the AA monomer).    
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 The solutions were pipetted between 1 mm-thick glass slides using 0.2 mm-thick 
Teflon spacers and then placed in the UVX photo-crosslinker oven for a total of 4 hrs of 
UV exposure at a wavelength of 302 nm and an intensity of 4.5 mW/cm
2
.  After the first 
10 min of UV exposure, the top glass slide was removed for direct UV exposure, and 
mid-way through the 4-hour period the crosslinked films were flipped.  At the end of 4 
hrs, the fully crosslinked PAA films were removed and cut into disk-shaped samples 
(diameter = 2.5 mm) which were then dried in a vacuum oven for 24 hrs at 50 °C and 
weighed (wi).  Next, the samples were extracted through swelling in absolute ethanol for 
24 hrs, and dried and weighed again (wd).  At this point, these samples were used for the 
swelling, mechanical and degradation testing of the single-network degradable PAA 
hydrogels.    
 
3.1.4 Photopolymerization of DN PLA-PEG-PLA/PAA Hydrogels 
The DN PLA-PEG-PLA–PAA hydrogels were made through a sequential 
polymerization process.  First, disk-shaped PLA-PEG-PLA networks (diameter = 2 mm, 
thickness ≈ 0.6 - 0.8 mm) were prepared as described above with PEG MWs of 2000, 
4000 and 8000 g/mol.  Then a photo-crosslinkable AA monomer solution was made in a 
manner similar to that described above for preparation of the degradable PAA hydrogels.  
The AA monomer solutions were made with a constant AA volume fraction of 0.8, a 
constant Darocur 1173 photoinitiator concentration of 1% v/v, and a biodegradable PLA-
PEG-PLA crosslinker concentration of either 1 % or 8% v/v (with respect to the AA 
monomer).  The disk-shaped PLA-PEG-PLA networks were swollen to equilibrium in 
these AA monomer solutions.  After an hour of swelling, the swollen networks were 
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removed, carefully blotted dry with tissue paper, and irradiated in the UVX- photo-
crosslinker oven for 4 hrs (flipping them after the first 2 hrs) in order to crosslink a PAA 
network interpenetrated within the PLA-PEG-PLA network.  A UV wavelength of 365 
nm was used.  When crosslinking was complete, the interpenetrated DNs were removed, 
dried in vacuum at 50 °C for 24 hrs and weighed (wi).  They were then extracted through 
swelling in absolute ethanol for 24 hrs, dried again for 24 hrs and re-weighed (wd).    
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3.2 Characterization of Macromers and Hydrogels 
 
3.2.1 NMR Characterization of PLA-PEG-PLA macromers  
The synthesized PLA-PEG-PLA macromers were characterized through use of 
proton nuclear magnetic resonance (
1
H NMR).  The macromers were dissolved in 
deuterated chloroform and the spectra were run on a Varian Mercury Vx 300 machine.  
PLA-b-PEG-b-PLA block copolymer formation was confirmed using the presence of a 
NMR spectrum peak at 4.3 ppm that represents the CH2 protons of PEG at the linkages 
between PEG and PLA [119].  The average degree of polymerization of PLA (         ) 
was calculated from the NMR peaks at 3.6 and 5.2 ppm, which correspond to the main-
chain CH2 protons of PEG and the CH protons of PLA respectively [119].  It was 
calculated using the equation 
 
                                (27) 
where      is the molecular weight of the PEG center block (2k, 4k or 8k), 44 g/mol is 
the molecular weight of the ethylene oxide (EO) repeat units, and LA/EO is the ratio of 





                                                           (28) 
Assuming that the PLA block lengths at each PLA-PEG-PLA chain-end are 
approximately equal, the average number of lactic acid units per PLA-PEG-PLA chain-
end was calculated as 
 
                   (29) 
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 The di-acrylation of the PLA-PEG-PLA macromers was also characterized by 
1
H 
NMR.  Chain-end functionalization of the PLA-PEG-PLA copolymers with acrylate 
groups was quantified by calculating an average degree of polymerization for the acrylate 
groups (          ).  Since the goal is to functionalize each chain-end with an acrylate 
group, ideally   acry = 2.  The            was calculated by comparing the intensity of 
acrylate vinyl group (CH2=CH) peaks in the 5.79 - 6.43 ppm range with a peak at 4.3 
ppm that represents the PEG CH2 groups directly next to PLA block segments [59].  
Since there are 2 such linkages per macromer chain,            was calculated as 
 
                
                          
                            
  (30) 
From the calculations of           and   acry,    of the di-acrylated PLA-PEG-PLA 
macromers was calculated using the equation 
 
                                              (31) 
where 72 g/mol is the molecular weight of the PLA repeating unit and 27 g/mol is the 
molecular weight of the acrylate end groups.     
 
3.2.2 FTIR Characterization of Network Photopolymerization 
The photo-crosslinked PLA-PEG-PLA, PAA and PLA-PEG-PLA/PAA samples 
were analyzed using an FTIR microscope.  Thin films (< 1mm thick) were cut into 
circular disks (0.5 cm in diameter) and placed into a sample holder for FTIR analysis.  
Transmission Mode was used with 32 scans per sample in a wavenumber range of 4000 
to 600 cm
-1
.  A background channel was run prior to the scans, and a baseline correction 
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was applied when the FTIR spectra were obtained.  Crosslinking of the macromers was 
confirmed by the absence of FTIR spectra peaks in the 1650 – 1620 cm
-1
 range 
(representing stretching of C=C bonds).  Peak assignments of other chemical groups were 
made, including assignment of a 1750 cm
-1
 peak representing C=O stretching due to 
copolymer formation with the PLA component [52, 60, 119, 120].  For the PAA and 




3.2.3 Thermal/DSC Characterization of Hydrogel Networks 
The thermal properties of the single and double networks were investigated by 
differential scanning calorimetry (DSC) (TA DSC Q200 V24.2 Build 107).  DSC scans 
were run in the temperature range of -80 °C to 150 °C.  Initially, the samples were cooled 
to -80 °C and held there for 2 min.  For the first run, the temperature was ramped at a 
heating rate of 5 °C/min to 150 °C, where it was held for 2 min.  Next (second run) the 
temperature was cooled to -80 °C at a rate of 5 °C/min and held for 2 min.  Finally (third 
run), it was ramped once more to 150 °C at 5 °C /min.  Melting temperatures (Tm) were 
taken from the first run using onset values, and glass transition temperatures (Tg) were 
taken from the third run using mid-point values.   
 
3.2.4 Swelling and Degradation of Hydrogels 
The swelling and degradation of the PAA and PLA-PEG-PLA single-networks 
and of the PLA-PEG-PLA/PAA DNs were characterized over various time periods.  The 
samples were typically placed in about 20ml of phosphate buffered solution (PBS) (BDH 
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buffer solution, pH 7.4) in capped vials and placed in an oven at 37 °C over the 
swelling/degradation time periods.  These time periods ranged from 2 hrs to 4 weeks.  
Prior to swelling in PBS, the samples were extracted by swelling them in given solvents 
(described above) for 24 hrs and were then removed, dried for 24 hrs, and weighed to 
obtain an initial extracted dry weight (wd) with soluble content (sol content) removed.  
After swelling in PBS, the samples were removed at given time points, patted with tissue 
paper to remove excess PBS, and weighed to obtain a swollen weight (ws).  The swelling 
of the networks was then characterized by calculating the PBS content of the samples, 
using the equation [46]:  
                  
      
  
       (32) 
Alternately, the swelling of the networks could also be reported in terms of the 





             
 (where PBS content is expressed as a 






    
[22, 121].   
For characterization of the degradation of the networks, the swollen hydrogels 
were removed from PBS solution at various time points and dumped into Buchner 
funnels equipped with a vacuum pump.  The various hydrogels were then treated as 
follows to obtain measurements of the final dry polymer weight (  ):  The single-
network PLA-PEG-PLA samples were air dried for two hours and then dried in a vacuum 
oven for 24 hrs at 50 °C in order to obtain   .  The swollen PAA and DN PLA-PEG-
PLA/PAA samples were treated according to a method previously used for degradable 
poly(methacrylic acid) (PMAA) hydrogels [73].  First, they were washed extensively by 
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extracting them in an excess of distilled water for 24 hrs, changing the distilled water 
every 6 to 8 hours.  In order to change the distilled water, the samples were dumped out 
into Buchner funnels equipped with a vacuum pump.   At the end of the 24 hr period, the 
PAA and PLA-PEG-PLA/PAA samples were removed a final time, allowed to air-dry for 
a few hours, and then dried in a vacuum oven for 24 hrs at 70 °C in order to obtain   .      
Then, the degradation of all of the networks was characterized though calculation 
of the mass loss using the equation [73, 120]: 
                
      
  
       (33) 
 For the swelling and degradation calculations, an average of three samples was 
used for each hydrogel type and formulation at each removal time point. 
  
3.2.5 PBS-Content Change of Hydrogels During Experiments 
Swelling measurements were carried out in order to determine how much the PBS 
contents of the single and DN hydrogels typically change during the course of a DMA 
experiment.  Single and DN 8k-2  PLA-PEG-PLA hydrogels were swollen to equilibrium 
in PBS over a 2hr period at 37 °C, at which point they were removed from the PBS, 
patted dry and weighed.  The hydrogels were then placed uncovered in an oven at 37 °C 
for 15 minutes, with samples being removed and weighed in 5-minute intervals.  These 
conditions were used to mimic the environment of the hydrogels during DMA testing, 




3.2.6 Modulus/DMA Measurements of Hydrogels 
  The compressive storage modulus (E) of the hydrogels was measured using a 
Mettler Toledo (SDTA861e) DMA machine at a frequency of 1 Hz.  The linear region in 
the strain plot was used for measurements of E.  The measurements were performed at 37 
°C with displacements between 0.4 and 11 μm.  The E of the PAA and PLA-PEG-PLA 
single-networks and of the PLA-PEG-PLA--PAA DNs was tested over a degradation 
period of two weeks.  The hydrogel samples were swollen in PBS solution (pH 7.4) at 37 
°C for given lengths of time (2hrs, 24hrs, 3 days, 1 week, and 2 weeks) prior to the 
measurements of E.  The samples were then removed, patted with tissue paper for 
removal of excess PBS solution, weighed, measured for their dimensions (thickness and 
diameter), and then placed in the DMA sample holder for testing.  A maximum period of 
2-3 min was allowed for measurement of each sample.  For each hydrogel type and 
formulation at each removal time point, an average of three samples was used for the 
measurements of E.     
      
3.2.7 GPC Determination of linear PAA MW 
Gel Permeation Chromatography (GPC) was used to determine the MW of PAA 
in the absence of crosslinks under the same synthesis conditions used for preparation of 
the PAA hydrogels.  First, un-crosslinked PAA samples were prepared by mixing a 
solution of AA monomer, distilled water and Darocur 1173 photoinitiator without any 
crosslinker.  As in preparation of the PAA hydrogels, a volume fraction of 0.8 was used 
for AA monomer with 1% v/v photoinitiator with respect to the monomer.  The same 
photopolymerization conditions were used as described above, using 20 min of UV 
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exposure.  The PAA samples were then dissolved (10-20 mg/mL) in a 0.05 M NaNO3 
distilled water solution which was used as the eluent.  GPC measurements were carried 
out with a Waters 1525 binary pump coupled to a Waters 2414 refractive index detector.  
Three PAA standards of known MW (50000, 100000 and 250000 g/mol) were used.   
 
3.2.8 Structural Characteristics of Hydrogels 
The structural characteristics of the hydrogels were calculated using Flory-Rehner 
equations, after swelling the networks for 2hrs in phosphate buffer solution (PBS) at 37 
°C.  2hrs was chosen as an initial point of equilibrium swelling before degradation 
appeared to have a significant influence on swelling.  This was based on the swelling and 
degradation profiles (shown below) of all the single and double network hydrogels.  
Beyond 2 hrs, further increases in swelling were seen but could be matched up with the 
degradation profile of the hydrogels (especially for the 8k hydrogel series).   
Equation 12, the Peppas-Merrill equation, was used to calculate     of all of the 
hydrogels.  For convenience, Equation 12 is restated here (solved for      ): 
 
 
   
  
 




    
                    
  
      
  
    
 





    
  
 (34) 
   As described above,    is the number-average molecular weight of the polymer 
before crosslinking (in the absence of crosslinking),    is the density of the polymer,    
is the molar volume of the solvent (18.1 cm
3
/mol for water/PBS), and    is the Flory 
polymer-solvent interaction parameter.       and    are the polymer volume fraction in 
the relaxed state (immediately after crosslinking but before swelling) and in the swollen 
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state, respectively.  The assumption      = 1 was made here since the photopolymerized 
hydrogels in this study were dry at the end of polymerization (there was no weight loss 
after further drying) [122, 123].  A similar assumption has also been made in previous 
studies for photopolymerized PLA-b-PEG-b-PLA hydrogels [55, 58] and for acrylate-
based hydrogels [100, 121, 124], where     was determined for the characterization of 
solute-release properties.   
   was calculated from Equation 11, restated here for convenience [100, 101] 
 






    
  
 (35) 
where    is the density of the solvent (0.994 g/cm
3
).  The dry weight (    and the 
swollen weight      of the networks were obtained from an average of three samples.  
For this equation, volume additivity of the polymer and solvent adsorbed during swelling 
was assumed [101].     
For the single-network PLA-PEG-PLA hydrogels,     values of the di-acrylated 
PLA-b-PEG-b-PLA macromers (as calculated through NMR, Table  4.1) were used since 
the networks were formed by end-linking the macromers [58].     was taken as the 
density of PEG = 1.1 g/cm
3
 [98].  A value of   = 0.426 was used for the Flory-Huggins 
interaction parameter for the PEG-water (or PEG-PBS) system [20, 125].  In a previous 
study, this value of    for PEG-water was found to be nearly independent of   , at least 
in the investigated range of 0.04       0.2 [125].  In the present study,    fell within 
this range for all of the PLA-b-PEG-b-PLA hydrogels throughout their degradation, 
except for the 2k-50 hydrogels which had    values in the range of 0.196 – 0.29.  
Therefore, it is possible that    may not accurately represent the interaction parameter for 
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the 2k-50 hydrogels, because    generally shows a dependence on   .  A second 
consideration is that using the    parameter of PEG neglects the PLA end-blocks of the 
polymer chains as well as the acrylate end-groups, which would also make a contribution 
to the value of    (for instance, PLA makes the chains more hydrophobic which could 
make the actual value of    higher, while the acrylate groups could have an opposite 
effect) [11, 58].  However, due to the small size of these end-groups, their contribution to 
   is expected to be relatively small, particularly at high PEG MWs.    
For the single-network PAA hydrogels, the values         g/cm
3
 and    
     were used for PAA and the PAA-water system [126, 127].      (the molecular 
weight in the absence of crosslinks) was estimated as            g/mol based on the 
GPC results.  This is expected to be a lower bound for the    of PAA.   
For the DN PLA-PEG-PLA/PAA hydrogels, Equation 12 (same as Equation 34) 
was also used to characterize    , in a manner similar to that previously used to estimate 
the     of IPNs [124, 126, 128].  Weighted averages were used to calculate values of    
and    (based on mole fractions of ethylene oxide (EO) and acrylic acid (AA) repeat 
units in the DNs).  In a similar fashion, mole fractions of PEG and PAA were used to 
obtain average values of     for the DNs.  Since the AA uptake during sequential 
polymerization of the DNs (during swelling of the PLA-PEG-PLA networks with AA 
solution) was different for each PLA-PEG-PLA network type (2k-25 through 8k-50), the 
calculated mole fractions varied with each DN type.     




     
    
   
   
  
     
  
 
   
  (36) 
For the PLA-b-PEG-b-PLA hydrogels, the        of PEG was used and an 
average length of C-C bonds (             ) and C-O bonds (           ) was 
taken, leading to           [105, 106].  For the PAA networks, the    = 6.7 of PAA 
was used with           [100, 126].        g/mol was used for PLA-PEG-PLA 
repeat units and      g/mol for the PAA repeat units. 
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CHAPTER 4  
SYNTHESIS AND PHOTOPOLYMERIZATION OF SINGLE AND 
DOUBLE NETWORK HYDROGELS 
 
For formation of the double network hydrogels, PLA-PEG-PLA networks were 
used as the first component and novel degradable PAA hydrogels were used as the 
second component.  Single networks of each component were also prepared for 
comparison to the double networks.  First, using a combination of previous methods [52, 
59], PLA-PEG-PLA copolymers were made and their chain-ends were terminated with 
acrylate groups to yield di-acrylated PLA-PEG-PLA macromers.  Then, these macromers 
were photo-crosslinked into PLA-PEG-PLA networks by adapting a procedure 
previously used to form PEG networks [46].  Next, the degradable PAA network 
components were prepared based on a method found in the literature for the crosslinking 
of similar vinyl monomers [73, 74].  To ensure that the polymers in the present study 
were synthesized as desired, the PLA-PEG-PLA and PAA copolymers, macromers, 
single networks and double networks were characterized using NMR, FTIR, GPC and 
structural characteristic measurements.  
In addition, for preparation of all of the hydrogels, several experimental 
parameters were varied leading to structural differences in the hydrogels.  The structural 
characteristics of the hydrogels were analyzed using swelling and modulus measurements 
as well as NMR spectroscopy (to determine properties of the copolymers).  For instance, 
for preparation of the PLA-PEG-PLA hydrogels, the MW of the center PEG block was 
varied using MWs of 2k, 4k and 8k during the copolymer formation step.  NMR was then 
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used to calculate     of the copolymer chains, which could later be correlated to to the 
resulting Mc of the PLA-PEG-PLA hydrogels.  In addition, two macromer concentrations 
of 25% and 50% were used in the preparation of the PLA-PEG-PLA hydrogels leading to 
different crosslinking degrees.  Similarly, for the PAA component, biodegradable 
crosslinker concentrations of 1% and 8% v/v (with respect to the AA monomer) were 
used to vary the degree of crosslinking.  For all of these hydrogels, Peppa-Merrill 
equations based on swelling and modulus measurements were used to determine 
structural characteristics.    
4.1 PLA-PEG-PLA Single-Network 
4.1.1 NMR Characterization of PLA-PEG-PLA Copolymer 
 
Figure ‎4.1.  
1




H NMR spectrum (PEG MW 600) of the PLA-PEG-PLA block 
copolymers synthesized in this study is shown in Figure  4.1.  Assignment of the NMR 
peaks matched those found in the literature for PLA-PEG-PLA block copolymers [61, 
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119, 129, 130].  NMR spectra bands at 4.3 ppm (c), which represent the CH2 protons of 
PEG directly next to PLA blocks (–CH2–O–CO–), confirmed formation of the block 
copolymers.  The peak at 3.6 ppm (d) represents the PEG CH2 groups within the main 
PEG block.  Peaks at 5.2 ppm (b) and 1.5 ppm (e) were representative of the CH and CH3 
groups of the PLA blocks, respectively.  Additionally, peaks at 5.0 and 1.69 ppm 
appeared on some spectra due to the CH and CH3 protons of free (un-polymerized) 
lactide, as has also been found in previous studies [130].  For the copolymers before di-
acrylation of the chain-ends, a peak around 2.8 – 2.9 ppm (a1) could be made out on 
some spectra due to the hydroxyl (OH) end groups of the copolymers.   
Further, the degree of polymerization of the PLA blocks (         ) was calculated 
from integration of the NMR peaks using the known molecular weight of the PEG center 
blocks.  As described above, a lactic acid (LA) to ethylene oxide (EO) ratio was 
calculated from the NMR peaks at 5.2 and 3.6 ppm (representing the CH protons of PLA 
and the main-chain CH2 protons of PEG) using Equation 28.             was then found 
using Equation 27, and the average number of lactic acid units per PLA-PEG-PLA chain-
end was approximated as       =          / 2 (Equation 29).   
As shown in Table  4.1, for the 600, 2k, 4k and 8k block copolymers,       ranged 
from 3 to 8 LA groups per chain end.  This led to low                     ratios for the 2k, 4k 
and 8k copolymers of around 10 to 20%.  However, the ratio for the 600 copolymer was 
higher, around 44%.  Nonetheless, all of the copolymers were soluble in distilled water.  
This is in keeping with previous reports in the literature that water solubility is imparted 
below a                     ratio of around 45% for these copolymers [52], and that lower 
PEG MWs favor solubility [119]. 
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Table ‎4.1.  
1




  4.1.2 
1
H NMR Characterization of Di-acrylated PLA-PEG-PLA Macromer 
 
Figure ‎4.2.  
1
H NMR spectrum of di-acrylated PLA-PEG-PLA macromer (PEG MW = 600 g/mol) 
 
Figure  4.2 shows a representative NMR spectrum (PEG MW 600) obtained after 
di-acrylation of the PLA-PEG-PLA copolymers.  Three sets of peaks around 6 ppm (a2) 
are representative of the protons of the vinyl (CH2=CH) groups, confirming acrylation of 
the end-groups of the copolymers.  The peaks occur more specifically in the ranges of 
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6.46–6.50 ppm, 6.14–6.21 ppm and 5.88–5.91 ppm.  As described above, integration of 
these peaks was compared to integration of the NMR peak at 4.3 ppm (c, representing the 
PEG CH2 groups directly next to PLA block segments) in order to calculate            of the 
macromers (Equation 30).   
As shown in Table  4.1, the            per chain end (      ) was found to be 
approximately 1 for the 2k, 4k and 8k macromers, as calculated from NMR.  This 
suggests that each chain-end of these macromers was functionalized with a photo-
crosslinkable acrylate group as desired.  For the 600 macromer (which was used for 
crosslinking of the PAA hydrogel),        was found to have a slightly lower value of 
0.87, which suggests that most, though not quite all, of the chain-ends were 
functionalized.  These values of        are consistent with those found in the literature for 
di-acrylation of PLA-PEG-PLA macromers [55, 57, 59]. 
In addition, the number average molecular weight (   ) of the di-acrylated PLA-
PEG-PLA macromers was calculated using the known molecular weight of the PEG 
center blocks and the           and             values calculated from NMR.  These      
values, obtained using Equation 31, are shown in Table  4.1.    
 
4.1.3 FTIR Characterization of PLA-PEG-PLA Network Photopolymerization  
The dry PLA-PEG-PLA networks were characterized through FTIR spectroscopy 
analysis.  Figure  4.3 shows a representative FTIR spectrum obtained for the networks in 
this study.  The FTIR spectrum matches up well with previous findings for PLA-PEO-
PLA copolymers [52, 60, 119], PLA-PEO-PLA di-acrylated macromers [52, 120] and 
crosslinked networks.  The absence of vinyl group (C=C stretching) peaks around 1650,  
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Figure ‎4.3.  FTIR spectrum of photo-crosslinked PLA-PEG-PLA network (PEG MW = 8,000 g/mol) 
 
1635 and 1620 cm
-1
 confirmed that crosslinking of the di-acrylated PLA-PEG-PLA 
macromers into networks occurred [73, 117, 131].  As is also expected, no hydroxyl (OH) 
end-group peaks are seen in the region of 3500 cm
-1





 were assigned to the carbonyl (C=O) and ether (C-O) groups, respectively.  
Other features of PEG and PLA were also present, such as a CH stretch peak from PEG 
CH2 groups at 2882 cm
-1
, and a CH stretch peak due to PLA CH3 groups at 2945 cm
-1
.  
Finally, the FTIR peaks at 947 cm
-1
 and 843 cm
-1
 suggested that PEG existed at least 
partially in the crystalline phase, while a peak at 751 cm
-1
 suggested that PLA was 
present in the amorphous phase. 
 
4.1.4 Structural Characteristics of PLA-PEG-PLA Hydrogels 
The initial    and   of the single network PLA-PEG-PLA hydrogels are shown in 
Table  4.2 (based on 2hrs of swelling in pH 7.4 PBS at 37 °C).   
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Table ‎4.2.  Mc and mesh size of the PLA-PEG-PLA and PAA single-networks 
 
 
    of the networks varied with both PEG MW (or     of the PLA-PEG-PLA macromer) 
and the macromer concentration used during photopolymerization.  As expected,     
values were highest for the 8k hydrogels and lowest for the 2k hydrogels, corresponding 
with differences in Mn of the macromers used for each network.  At the same time, for a 
given PEG MW (2k, 4k or 8k),     was higher for the networks made with an initial 
macromer concentration of 25% than for those made with 50%.  This occurs because 
decreasing the macromer concentration (or increasing the solvent concentration) in non-
linear free radical polymerization reactions leads to an increase in the formation of 
primary cycles, a lower degree of crosslinking, and a higher     [53, 132].  Since the 
crosslinking of the PLA-PEG-PLA hydrogels in this study appeared to follow this 
scheme, the 25% macromer hydrogels are expected to have more chain loops that don’t 
contribute to the elastic or structural integrity of the network (Figure  4.5). 
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Figure ‎4.4.  Idealized photo-crosslinked PLA-PEG-PLA network with formation of polyacrylate 
backbone chains (straight and squiggly lines) and network imperfections (chain loops not shown) [55, 
133].              45.  
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Figure ‎4.5.  Effect of macromer concentration on cyclization and swelling 
 
Table  4.2 also shows the mesh size,  , of the PLA-PEG-PLA hydrogels, which is 
an estimation of the actual physical dimensions of the distance between crosslinks, based 
on   .  For the 2k and 4k PLA-PEG-PLA hydrogels, the mesh size was around 56 Å or 
lower.  The mesh size of the 8k hydrogels fell in a higher range of 80-100 Å.  These mesh 
sizes are similar to those found previously for PEG-DA hydrogels made with    values 
in a similar range [22].  
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4.2 Degradable PAA Single-Network 
4.2.1 NMR Characterization of Biodegradable PLA-PEG-PLA Crosslinker 
The results for the biodegradable PLA-PEG-PLA crosslinker that was used for 
crosslinking of the PAA networks are shown in Table  4.1, along with the PLA-PEG-PLA 
macromers used for formation of PLA-PEG-PLA hydrogels.  The total     of the 
macromer was found to be 1079 g/mol, due to a PEG center block of 600 g/mol, an 
average of 3 LA units per chain-end, and end-capped acrylate groups.  
4.2.2 FTIR Characterization of Degradable PAA Network Photopolymerization 
The FTIR spectrum of a PAA-1 single-network is shown in Figure  4.6 (along with 
a 4k-25/PAA-1 DN for comparison).  The main carbonyl peak at 1700 cm
-1
 can be seen 
for the PAA-1 single-network.  The appearance of this peak at 1700 cm
-1
 rather than at 
1750 cm
-1
 suggests that intra-chain hydrogen bonding occurs between the carboxylic acid 
groups of PAA, and that PAA may have a dimer structure [76].  At the same time, the 
absence of peaks at 1635 cm
-1
 and 1650 cm
-1
 suggests that crosslinking of the PAA 
single-networks occurred.      
 
Figure ‎4.6.  Representative FTIR spectrum of PAA single-network and PLA-PEG-PLA/PAA DN 
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4.2.3 GPC determination of un-crosslinked PAA MW 
Gel permeation chromatography (GPC) was used to estimate a value of     for 
PAA in the un-crosslinked state for subsequent calculation of     of the PAA networks. 
The GPC curves obtained for the un-crosslinked PAA sample was compared to two PAA 
standards of known MWs (50k and 100k g/mol).  The curves are shown in Appendix A.  
The GPC sample curve revealed that the un-crosslinked PAA had a broad MW 
distribution. The onset of the sample curve occurred at 55.6 min, which was earlier than 
that of both the 50k and 100k standards (56.4 min and 57.4 min respectively).  This 
indicated that at least a portion of the sample MW is larger than 100k g/mol.  At the same 
time, elution times corresponding to the peak and the tail-end of the GPC sample curve 
were only slightly quicker than those of the 50k PAA standard (Peak values: 100k  – 59.8 
min, sample – 60.1 min, 50k – 60.2 min; Tail-end values: 100k – 70.6 min, sample – 71.1 
min, 50k – 71.2 min).  As a result, it was concluded from the GPC curves that      
50,000 g/mol could safely be used as a lower-bound estimate for PAA in the absence of 
crosslinks.    
    
4.2.4 Structural Characteristics of the Degradable PAA Hydrogel 
The initial     and   of the degradable PAA hydrogels are shown in Table  4.2, 
along with the results for the PLA-PEG-PLA hydrogels for comparison.  The    ’s of the 
PAA hydrogels are much larger than those of the PLA-PEG-PLA hydrogels.  This is due 
both to the much larger    of the PAA hydrogels and the higher swelling that occurs due 
to ionization of the PAA hydrogels under the swelling conditions of pH 7.4.  As a result, 
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the initial   values of the PAA hydrogels are in the range of 274 -364 Å, which are over 3 
times larger than those of the PLA-PEG-PLA hydrogels.   
The effect of crosslinker concentration on     of the PAA hydrogels can also be 
seen in Table  4.2.  As expected,     of the PAA-1 hydrogel is larger than that of the 
PAA-8 hydrogel.  However, the two values are still relatively close despite the 8-fold 
increase in crosslinker concentration for PAA-8.  This suggests that either some of the 
crosslinker was not incorporated into the PAA hydrogels or that a high degree of 
cyclization occurred in the PAA-8 hydrogels leading to more chain loops that don’t 
contribute to the elasticity of the networks.  The latter situation has been found previously 
for the crosslinking of PAA where only 2-6% of the feed crosslinker (N,N-
methylenebisacrylamide – N-BAAm)  lead to effective crosslinks in the network due to 
high cyclization [127].  This situation is expected to be alleviated to some degree by the 
larger crosslinking molecule used in the present study (compared to N-BAAm or 
TEGDMA)  and by the relatively high AA monomer concentration, which favor reduced 
cyclization and hence lowering of Mc [132].  Nonetheless, the overall degree of 
cyclization for the PAA hydrogels in this study still appears to be very high, leading to 
high    values for both PAA hydrogels.   
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4.3 PLA-PEG-PLA/PAA Double Networks (DNs) 
4.3.1 FTIR Characterization of PLA-PEG-PLA/PAA DNs  
A representative FTIR spectrum of the PLA-PEG-PLA/PAA DNs (4k-25/PAA-1) 
is shown in Figure  4.6 (along with the PAA-1 FTIR spectrum).  As for the PAA-1 single 
network, the main carbonyl peak of PAA is also seen at 1700 cm
-1
 for the 4k-25/PAA-1 
DN.  However, an additional peak also appears at 1730 cm
-1
, which is an indication that 
inter-chain hydrogen bonding occurs between the carboxylic acid hydrogens of PAA and 
the ether oxygens of PEG in the DNs.  These results are similar to those previously found 
for PEG/PAA IPNs and are similar to well-documented results for hydrogen-bonding 
between PEG and PMAA [76, 134].  The DSC results (discussed below) provide further 
evidence that hydrogen bonding occurs between PLA-PEG-PLA and PAA of the DNs in 
the present study, despite the incorporation of PLA.  This is likely made possible by the 
short length of the PLA blocks and the fact that the blocks are restricted to the chain-ends 
of the crosslinked PLA-PEG-PLA component. 
 
4.3.2 Structural Characteristics of PLA-PEG-PLA/PAA DN Hydrogels 
The initial     and   of the DN PLA-PEG-PLA/PAA hydrogels are shown in 
Table  4.3, compared to     of the single-network PLA-PEG-PLA hydrogels.  For DNs 
made from a given PLA-PEG-PLA 1
st
 network, incorporation of either PAA-1 or PAA-8 
as the 2
nd
 component lead to significant increases in both initial     and  .  While the 
single-network PLA-PEG-PLA hydrogels all have initial mesh sizes less than 100 Å, the 
initial DN hydrogel mesh sizes range from 34 to 275 Å.  In many cases,   of the DN 
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hydrogels was over three times more than those of the corresponding PLA-PEG-PLA 
single-networks.  These increases corresponded to three to five-fold increases in   .   
   
Table ‎4.3. Mc and mesh size of DN hydrogels (compared to PLA-PEG-PLA single-networks) 
 
 
At the same time, for DNs comprised of a given PLA-PEG-PLA 1
st
 network, 
those with PAA-1 as the 2
nd
 network had higher    ’s and  ’s than those with PAA-8.  
This matched up with the lower crosslinker concentration of the PAA-1 components 
which allowed DNs with PAA-1 to swell to a higher degree than those with PAA-8.  It is 
also worth noting that the  ’s of the 8k-25 and 8k-50 DN hydrogels  approach those of 
the PAA single-network hydrogels (Table  4.2). 
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4.4 Water-Content Change of Hydrogels During Experiments 
 
In order to determine appropriate testing conditions for measurement of macroscopic 
properties of the hydrogels, preliminary water-content change experiments were carried 
out on single and DN hydrogels similar to the ones eventually used in this study (not 
shown).  The dehydration of the hydrogel samples, tested at 37 °C, depended greatly on 
the type of hydrogel.  For instance, the single-network hydrogels were found to become 
de-hydrated at a much faster rate than the DN hydrogel samples.  The water-content of 
the single network hydrogels dropped from 76% to 62% after the first 5 min, dropping to 
essentially 0% after 15 min in the oven.  The dehydration of the DN hydrogels occurred 
at a much slower rate, with the highest-swelling samples having the slowest rates.  For 
instance, the highest-swelling 8k DN hydrogels only dropped from 92% to 90% after 15 
min, whereas the water content of the lowest-swelling DN hydrogels dropped from 75% 
to 62% after 15 min. 
These findings showed that great care had to be taken in testing the mechanical 
properties of the hydrogels as quickly and efficiently as possible in order for reliable 
results to be obtained.  In particular, for the single network hydrogels, obtaining storage 
modulus within the first two minutes of testing was critical.  For DMA testing, efforts 
were made to reweigh samples after the experiment and to discard results where the PBS 
content change was significant. 
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CHAPTER 5  
MACROSCOPIC PROPERTIES OF SINGLE AND DOUBLE 
NETWORK HYDROGELS 
 
5.1 Thermal Properties 
5.1.1 PLA-PEG-PLA Single-Networks  
 
Figure ‎5.1. DSC thermograms of PLA-PEG-PLA single-networks 
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Figure  5.1 shows DSC thermograms for the single-network PLA-PEG-PLA 
hydrogels in the dry state over a temperature range of -70 to 150 °C.  The melting 
temperature (Tm) of these networks was seen, due to melting of the crystalline regions 
formed between the PEG blocks in the networks.  Tm increased as the molecular weight 
of PEG was increased from 2k to 4k to 8k, corresponding to increases in     of the 
networks.  This is similar to previous reports for PLA-PEG-PLA copolymers [60, 119] 
and is expected since longer PEG chains favor crystallization (since higher crosslink 
densities tends to hinder chain flexibility and potentially decrease crystallinity).  The 
presence of PLA end groups along the network chains is also expected to affect PEG 
crystallization.  The crystallization of PEG segments in PLA-PEG-PLA copolymers has 
previously been shown to be decreased by the presence of short PLA blocks, and this 
effect was more significant for lower           [60].  For the 2k networks in the present 
study, the low Tm is probably also due in part to the fact that the 2k macromers have a 
higher                     ratio of 0.2 compared to lower ratios of 0.10 and 0.09 for the 4k 
and 8k networks, respectively.  Macromer concentration (25 or 50 wt%) had little effect 
on Tm, except for the 8k networks, where there was a significant jump in Tm for the 8k-
50 network compared to that of 8k-25.   
No Tg values were observed for the single PLA-PEG-PLA networks in the 
temperature range studied.  Previous reports for PLA-PEG-PLA copolymers detected a 
Tg for PEG (MW = 600-2000 g/mol) when the                     was about 0.08 or higher 
but not when it was 0.04 or lower (using a temperature range of about -60 °C to 70 °C 
with a scan rate of 10 °C/min) [60].  When the PEG Tg was detected, it appeared to 
increase from -60 °C to -37 °C as the                     was increased.  In the present study, 
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it is possible that the Tg of PEG did not appear because the PEG molecular weights were 
generally above those mentioned in the previous study, which lead to increased 
significance of the crystalline regions within the PEG block segments.  This result is also 
consistent with previous reports where no Tg was observed for PEG due to the low 
content of amorphous phase in PEG (MW = 1000 g/mol; temperature range of -70 °C to 
150 °C) [135]. 
Similarly, no Tg corresponding to PLA was observed.  This is likely due to the 
fact that the           is low, and could further be obscured by the fact that Tg for PLA and 
Tm for PEG tend to be close, which sometimes  makes extracting a Tg for PLA in PEG-
PLA copolymers difficult [60].    
 
5.1.2 PAA Single-Networks 
 
Figure ‎5.2.  DSC thermograms of PAA single-networks 
 
  DSC thermograms of the degradable single-network PAA hydrogels (in the dry 
state) are shown in Figure  5.2.  The PAA-8 network was found to have a higher Tg than 
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the PAA-1 network.  This is expected and is due to the higher crosslinking degree of the 
PAA-8 network which results in increased restriction of polymer chain motion [135].  
Because the crosslink junctions are permanently frozen in, it takes a higher temperature 
for the transition to occur.  
 
5.1.3 PLA-PEG-PLA/PAA Double Networks (DNs) 
 
Figure ‎5.3.  DSC thermograms of PLA-PEG-PLA/PAA DNs 
 
Figure  5.3 show DSC thermograms for all of the DN PLA-PEG-PLA/PAA 
hydrogels in the dry state.  A single Tg, dependent on composition, was observed for all 
of the DNs over the temperature range of -70 to 150 °C.  This implies that the 
components are fully miscible on a dimensional scale between 20 and 40 nm [135, 136].  
For a given PLA-PEG-PLA macromer concentration (25 or 50%) and amount of PAA 
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crosslinker (1% or 8%), the value of Tg tended to increase as the MW of PEG in the 
PLA-PEG-PLA component increased from 2k to 8k.  This occurred in all cases except for 
the 8k-25/ PAA-1 DN, which had a lower Tg than that of the 4k-25/PAA-1 DN.   Apart 
from that, Tg increased with PEG MW, which implies that miscibility of the two 
networks increased as     of the PLA-PEG-PLA network increased.  This is contrary to 
the behavior observed for regular IPNS, where miscibility is usually enhanced as the 
crosslink density increases and tends to decrease as the MW of the components increases 
[112, 137].  Instead, the observed thermal behavior matches trends previously found for 
IPNs in which hydrogen bonding occurs between the networks [135, 136].   
Similar results have previously reported for PEO/PAA seq-IPNs of equimolar 
PEO:PAA composition, formulated with PEO MWs of 300, 600, 1000, 2000 and 6000 
g/mol [76].  In that study, a single Tg was observed for IPNs with the highest PEO MW 
of 6000 g/mol, while two or three temperature transitions were found for IPNs with lower 
PEO MWs.  At the same time, the maximum loss modulus temperature (which showed 
behavior analogous to Tg) of the PEO:PAA complex phase in the IPNs increased by 
about 10-15 °C not only as the PEO MW increased but also as the crosslink density of the 
PAA component was decreased.  After an FTIR analysis, hydrogen bonding was found to 
occur between the ether groups of PEG and the carboxyl groups of PAA.  Furthermore, 
hydrogen bonding between these groups has previously been implicated in other studies 
of PEG and PAA IPNs and blends [138, 139]. 
In the current study, the DN DSC results suggest that a significant degree of 
hydrogen bonding also occurs within the PLA-PEG-PLA/PAA DNs.  This is supported 
by a second feature of the DSC thermograms.  For a given PEG molecular weight and 
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macromer concentration (comparing straight across horizontally in Figure  5.3), the DNs 
made with PAA-1 tended to have higher Tg values than those made with PAA-8.  This is 
also contrary to the behavior of regular IPNs, since the single-network PAA-8 has higher 
crosslinking (as determined below) and a higher Tg than the single-network PAA-1.  
Therefore, higher Tg values for the PAA-1 DNs suggest that miscibility is also enhanced 
when the PAA network is less crosslinked (when Mc of PAA is higher).  This effect was 
more pronounced for the DNs with tightly crosslinked PLA-PEG-PLA components (2k-
50, 4k-50 and 8k-50).  For these DNs, Tg’s of the DNs containing PAA-1 were up to 20 
°C higher than those containing PAA-8.   
A third feature of the DN DSC results is that for a given PEG MW and PAA 
crosslinking degree, the PLA-PEG-PLA-25 DNs have a higher Tg than the corresponding 
PLA-PEG-PLA-50 DNs. For instance, comparing only the DNs made with PAA-1, the 
2k-25 DN has a higher Tg than the 2k-50 DN.  (Again the one exception is the 8k-
25/PAA-1 DN).  Nonetheless, the general trend further supports the likelihood that 
hydrogen bonding is responsible for the observed thermal behavior.   
Compared to the previously mentioned study on PEG/PAA IPNs, the current 
PLA-PEG-PLA/PAA DN systems may favor hydrogen bonding because it has higher 
molar compositions of PAA (0.52 – 0.87).  Another previous study on PEO/PAA IPNs 
(PEO MW ≈ 8000 g/mol) found that a single Tg was observed for IPNs with PAA 
contents of 31 mol% or higher (at least up to 65 mol%), whereas both a Tm and Tg were 
found for lower PAA mol percentages [75].  At the same time, Tg increased significantly 
at the highest PAA contents.  Previous studies on complexes between PEO and PAA also 
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found two phases to be present below PAA contents of 50% (by weight), with single Tg’s 
occurring above that and a maximum Tg at 90% PAA [140]. 
Secondly, the end-groups of the PLA-PEG-PLA networks in this study are 
relatively “neutral” in the sense that they do not encourage intra-chain hydrogen bonding.  
In the case of the equimolar PEO/PAA IPN study described above, the PEO chains were 
crosslinked in a manner that resulted in urethane groups at the chain-ends (by the 
crosslink junctions).  As a result, hydrogen bonding between the urethane groups was 
possible and became increasingly significant as the PEO MW decreased (due to the 
decreasing ratio of ether groups to chain-end groups: 22/1 for PEO = 2000 g/mol).  No 
such competitive hydrogen bonding is expected to occur between the PLA end groups of 
the PLA-PEG-PLA networks, which means miscibility is more probable.   
Lastly, the MW of the PAA network is probably also significant for hydrogen 
bonding.  As is discussed above (GPC results), the chains in the PAA networks have a 
wide distribution of MWs with a minimum around 50,000 g/mol and a significant portion 
above 100,000 g/mol.  The high MW of the PAA network chains likely favors hydrogen 




5.2.1 PLA-PEG-PLA Single-Network Hydrogels 
Figure  5.4 shows the swelling (measured as PBS % content) of the PLA-PEG-
PLA single-networks over a 14-day period.  As the PEG molecular weight was increased 
from 2k to 4k to 8k, the initial PBS content of the hydrogels increased. At each PEG 
MW, the initial PBS content was higher for the hydrogels made from a 25% macromer 
concentration than from the 50% macromer concentration.  The initial PBS content of the 
PLA-PEG-PLA hydrogels was as low as 70% for the 2k-50 hydrogels and as high as 93% 
for the 8k-25 hydrogels.  The trends seen for the swelling of these hydrogels are a result 
    increasing with PEG MW and decreasing with initial macromer concentration, as is 
expected for non-linear free radical polymerization reactions [53, 132].  It is also similar 
to trends in previous studies of PLA-PEG-PLA hydrogels [53, 58].   
 
  
Figure ‎5.4.  PBS Content Swelling of the single-network PLA-PEG-PLA hydrogels 
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The swelling of the PLA-PEG-PLA hydrogels also increases with time over the 
14-day swelling period.  These changes in swelling occur in coordination with 
degradation of the hydrogels (discussed below) due to the hydrolysis of the PLA blocks 
in the crosslinked PLA-PEG-PLA chains.  For the 8k-25 and 8k-50 hydrogels, the PBS-





days of swelling, respectively.  When matched up with the degradation results, the drop 
off in swelling appears to be due to the quick degradation of these 8k hydrogels, which 
both have a mass loss of greater than 60% by their respective drop off points.  The drop 
off in PBS content at those points is due partly to inaccuracy inherent in the calculation of 
the PBS content at high degrees of mass loss (Equation 32). 
 
5.2.2 Degradable PAA Single-Network Hydrogels 
 
Figure ‎5.5.  PBS Content Swelling of the single-network PAA hydrogels 
 
The swelling of the degradable PAA single-network hydrogels is shown in Figure 
 5.5.  These hydrogels appeared to reach equilibrium swelling after about 24 hrs, after 
which swelling tended to increase very slowly.  The gradual increase in swelling after 24 
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hrs is due to the very slow degradation of both networks (shown below) that occurred 
over time.  The swelling of the PAA-1 network was always higher than that of the PAA-8 
network due to the higher crosslinker concentration used for polymerization of the PAA-
8 network.  As discussed above, the higher crosslinker concentration lead to a lower     
for the PAA-8 hydrogels.  These results for the PAA single-networks are similar to 
previous studies where vinyl monomers were crosslinked using di-acrylated PEG 
crosslinkers of 600 g/mol (similar to the PLA-PEG-PLA crosslinker used in the present 
study).  In that study, a similar dependence of both Mc and swelling on crosslinker 
concentration was seen [132].         
The swelling of these degradable PAA hydrogels is also higher than the swelling 
of the PLA-PEG-PLA hydrogels at all time points.  Since at pH 7.4, PAA is more than 
99% ionized, the high swelling of the PAA hydrogels is due largely to the ionization of 
the COOH groups, which occurs above PAA’s pKa of 4.7 [46].  At the same time, the 
high degree of swelling and the relatively small influence of crosslinker concentration on 
swelling for these PAA hydrogels suggests that a high degree of cyclization probably 
occurred, as has been found previously for the crosslinking of PAA and polyacrylamide 
networks where only small percentages of crosslinker in the feed formed effective 
crosslinks [127].  This finding is supported by the high    values of both PAA hydrogels 
despite an 8-fold increase in amount of crosslinker for PAA-8 compared to PAA-1. 
 
5.2.3 PLA-PEG-PLA/PAA DN Hydrogels 
The swelling of the PLA-PEG-PLA/PAA DNs over periods of up to weeks is 
shown in Figure  5.6, where single-network PLA-PEG-PLA hydrogel swelling is also  
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Figure ‎5.6.  PBS content swelling of the PLA-PEG-PLA/PAA DN hydrogels.  Swelling of the single-
network PLA-PEG-PLA hydrogels is included for comparision. 
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shown for comparison.  Over time, swelling increases for all of the DNs due to the 
degradation and increasing     of the DN components (discussed below).  For each PLA-
PEG-PLA hydrogel type (2k-25 through 8k-50), the swelling of the corresponding DNs 
(with 2
nd
 networks PAA-1 and PAA-8) is higher than the single-network PLA-PEG-PLA 
hydrogels.  At the same time, DNs made from a particular PLA-PEG-PLA 1
st
 network 
tend to have similar swelling profiles over much of the investigated time range whether 
the 2
nd
 network was PAA-1 or PAA-8.  This is similar to what was found for the single- 
network PAA-1 and PAA-8 hydrogels, where a high degree of cyclization seemed to 
limit attempts to obtain significantly higher crosslinking (and lower swelling) of PAA-8 
despite an 8-fold increase in crosslinker concentration.  This likely carried over to the 
DNs, where the swelling of both PAA 2
nd
 network components is also restricted by the 
lower-swelling PLA-PEG-PLA component.  
The restriction of the swelling of the DNs by the PLA-PEG-PLA hydrogel 
component can further be seen through the effects of changing the PLA-PEG-PLA 
hydrogel parameters.  Figure  5.6 shows that as the PEG MW is increased from 2k to 8k 
(for either the 25% or 50% macromer concentration), the overall swelling of the DNs 
tends to increase.  Additionally, for a given PEG MW, the swelling is generally lower for 
the DNs made from 50% PLA-PEG-PLA macromer concentrations (single networks of 
which have a lower    ) compared to 25%.  The effects are most exaggerated for DNs 
consisting of 2k PLA-PEG-PLA components (single-networks of which swell the least) 
and are least exaggerated for DNs made from 8k PLA-PEG-PLA component (single-
networks of which swell the most).   
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The results for the dependence of DN swelling on PEG MW are very similar to 
what was found for PEG/PAA DNs [46].  Therefore, the incorporation of degradable LA 
units into the 1st network (PLA-PEG-PLA in this study) and the use of a biodegradable 
crosslinker for the PAA component do not affect the ability of the DN swelling to be 
tuned by changing the Mw of the 1
st
 network.  Additionally, the present study shows that 
the macromer concentration of the 1
st
 network can also have a significant effect on the 
swelling of the DNs.  These patterns are hold and are consistent up to a 





5.3.1 PLA-PEG-PLA Single-Network Hydrogels 
 
Figure ‎5.7.  Mass loss (%) of the single-network PLA-PEG-PLA hydrogels 
 
The mass loss behavior of the PLA-PEG-PLA single-network hydrogels over a 
period of up to 14 days is shown in Figure  5.7.  The behavior was consistent with the    
and swelling measurement results in this study, and also matched previous studies [52, 
53, 58].   The degradation of these hydrogels was fastest for the PLA-PEG-PLA 
hydrogels with the highest PEG MW (8k), and was slowest for the hydrogels with lowest 
PEG MW (2k).  For hydrogels of a given PEG MW, higher initial macromer 
concentrations also appeared to lead to slower degradation.  The fast degradation of the 
8k hydrogels is due to the higher initial swelling of those hydrogels, which allowed more 
water into the hydrogel networks, allowing increased access for hydrolytic degradation of 
the PLA blocks and quicker release of polymer (or oligomer) segments that were 
separated from the networks [52]. For the hydrogels made from higher macromer 
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concentrations, the lower     values lead to lower swelling and therefore also slower 
degradation. 
For PLA-PEG-PLA hydrogels, the length of the PLA blocks is also known to 
have an effect on degradation.  In a previous study, the presence of PLA slightly 
decreased initial swelling of the hydrogels due to PLA’s hydrophobic nature, but 
thereafter longer PLA blocks lead to faster degradation rates and a faster increase in 
swelling with time [58].  For the PLA-PEG-PLA hydrogels in the current study, the 8k 
hydrogels have longer PLA blocks (               ) than the 2k and 4k hydrogels 
(                 ).  This condition also likely facilitated the quicker rate at which the 8k 
hydrogels degraded.  As a result, while the 2k hydrogels sustained a mass loss of less 
than 30% over a 14-day period, the 8k hydrogels sustained a mass loss of over 60% after 
only 4 days. 
 
5.3.2 PAA Single-Network Hydrogels 
The degradation of the single-network PAA hydrogels is shown in Figure  5.8.  
The PAA-1 and PAA-8 hydrogels degraded very slowly over the first week, after which a 
significantly greater amount of degradation can be seen to occur for the PAA-1 hydrogels 
by two weeks.  This is likely due to the higher swelling of the PAA-1 network, which 
allows greater access of imbibed water to the hydrolysable PLA blocks of the crosslinker 
and also allowed faster diffusion of degraded segments out of the PAA-1 hydrogels.  At 
the same time, a large deviation between the swelling of the PAA-1 and PAA-8 networks 
is not seen at 2 weeks, which could be related to the PAA-1 network having a different 
structure from the PAA-8 hydrogels.  For instance, while the PAA-8 hydrogels have a.                
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Figure ‎5.8.  Mass loss (%) of the single-network PAA hydogels 
 
higher crosslink density (or a lower    ) than the PAA-1 hydrogels, the relative closeness 
in swelling between the two suggests that the PAA-8 hydrogels may also have a higher 
degree of cyclization (where a high percentage of feed crosslinker formed ineffective 
crosslinks) which prevented them from having an even higher crosslink density.  In a 
previous study on PAA hydrogels, a similar situation was found where increases in 
crosslinker concentration were believed to have lead to an increased compactness of 
intramolecularly crosslinked microgel particles without leading to reductions in    [127]. 
The possible difference in structure between PAA-1 and PAA-8, coupled with the likely 
release of degraded segments from PAA-1 at the two-week degradation point, could 
explain the closeness in the calculated swelling of the two hydrogels despite the disparity 
in degradation 
 
5.3.3 PLA-PEG-PLA/PAA DN Hydrogels 
The degradation of the PLA-PEG-PLA DNs is shown in Figure  5.9.  The 
degradation profiles of the DNs were largely dependent on the PEG MW of the PLA-
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PEG-PLA component.  Whether the hydrogels were made with a 2
nd
 network of PAA-1 
or PAA-8, DNs with a 1
st
 network of 2k-50 and 2k-25 had the slowest degradation rates, 
followed by 4k-50, 4k-25 and then the 8k DNs.  The pattern was clearest for the PAA-8 
DNs, whereas for the DN-1 the 8k-25 and 8k-50 hydrogels were very similar, probably 
due to the highest overall swelling and fastest degradation of these DNs.  The dependence 
of DN degradation on PEG MW is similar to the dependence found for DN swelling on 
PEG MW.  The combination of these results suggests that faster degradation of the DNs 
is closely tied to higher swelling.  This is further evidenced by the fact that for a given 1
st
 
network of PLA-PEG-PLA, DNs with a 2
nd
 network of PAA-1 tended to degrade faster 
than those with PAA-8.  
 
 
Figure ‎5.9.  Mass loss (%) of the PLA-PEG-PLA/PAA DN Hydrogels 
 
In comparing the degradation of the DN hydrogels to that of corresponding 
single-network PLA-PEG-PLA hydrogels (Figure  5.7), the degradation of the DNs is 
faster in most cases.  The main exception is the 2k DN hydrogels, which have mass losses 
of slightly less than 10% at two weeks compared to losses of around 20% for the single-
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network PLA-PEG-PLA hydrogels.  This occurs despite higher swelling of the 2k DN 
hydrogels compared to the 2k PLA-PEG-PLA hydrogels.  In this case, it is possible that 
the degradation of the PAA component, which starts out very slowly even in the high-
swelling single-network PAA environment (PBS content > 97% at 24hrs), could be 
stifled in the lower-swelling 2k DN hydrogel environments (PBS contents ~ 93% and 
80% at 24 hrs).  Therefore, while the 2k PLA-PEG-PLA components are likely to 
undergo faster degradation within the DN structure (since they are in a higher-swelling 
environment compared to their single networks), the PAA component may remain intact 
for a longer time within the 2k DNs, leading to an overall slower degradation of the DNs 
compared to the 2k PLA-PEG-PLA single-networks.  Since the 2k DN hydrogels consist 
of up to a 0.7 mole fraction of AA units compared to EO units (fewer but significantly 
longer PAA chains) the effect could be quite significant.  The degradation of the PAA 
component  also plays a role for DNs made with 4k and 8k PLA-PEG-PLA 1
st
 networks, 
but is likely not as restricted since the swelling of these DN hydrogels is almost on par 






5.4 Storage Modulus 
5.4.1 PLA-PEG-PLA Single-Network Hydrogels 
The compressive storage modulus of the single-network PLA-PEG-PLA 
hydrogels is shown over various degradation periods in Figure  5.10.  The storage 
modulus showed a similar dependence on PEG MW and macromer concentration as the 
swelling (Figure  5.4) and degradation (Figure  5.7) did.  The modulus of the 2k-50 
hydrogels was significantly higher than that of the other PLA-PEG-PLA hydrogels over 
the entire degradation range, which matched up with their significantly lower swelling.  
The highest-swelling hydrogels, the 8k-25, 8k-50 and 4k-25 hydrogels, had the lowest 
storage modulus over the entire range.   
 
 
Figure ‎5.10.  Compressive storage modulus of the single-network PLA-PEG-PLA hydrogels 
 
After one week of degradation, the modulus of the 2k-50 hydrogel dropped to 
about 7/10 of its initial value.  Similar decreases can be seen in Figure  5.10  for the 
curves of the other PLA-PEG-PLA hydrogels over a shorter time of 3 days.   Again, the 
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quick decrease in modulus matched up with the higher swelling and faster degradation of 
the 4k and 8k hydrogels.  The decreases in modulus corresponded with increases in     
and hence a decrease in structural integrity during degradation of the hydrogels (not 
shown).   
 
5.4.2 PAA Single-Network Hydrogels 
The compressive storage modulus of the single-network PAA hydrogels is shown 
over time in Figure  5.11.  The storage modulus of the PAA-8 hydrogels was higher than 
that of the PAA-1 hydrogels over the entire degradation period investigated.  This is 
expected since the PAA-8 hydrogels had a lower initial     and consistently lower 
swelling than the PAA-1 hydrogels over time (Figure  5.5).  Additionally, the initially 
high modulus of the PAA-8 hydrogels at 2 hrs is due to the initially slower swelling of 
these hydrogels and appears to have occurred before equilibrium swelling was fully 
reached.   
 
 
Figure ‎5.11.  Compressive storage modulus of the single-network PAA hydrogels 
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Beyond 2 hrs, the storage modulus of both single-network PAA hydrogels was 
comparable to that of the 4k-25 and 8k PLA-PEG-PLA single-network hydrogels and 
was therefore relatively low.  The similarity in modulus is probably related to the fact that 
swelling of the 4k-25 and 8k PLA-PEG-PLA hydrogels approaches that of the PAA 
hydrogels.  Specifically, the low PAA modulus was due to the very high swelling of the 
PAA hydrogels, which are almost fully ionized at the physiological pH of 7.4 used in this 
study.  In addition, at this high degree of swelling and ionization, the inter-chain 
hydrogen bonding observed for the dry PAA networks (during FTIR analysis) is more 
than likely eliminated in the swollen state.   
At the same time, the PAA modulus values appeared to be sustained over a longer 
period (1 week) before dropping to the values reached by the 4k-25 and 8k PLA-PEG-
PLA hydrogels at 3 days.  The slower decay of the PAA hydrogel modulus is due to the 
slower degradation of the PAA hydrogels over the first week (Figure  5.8) relative to the 
degradation of the PLA-PEG-PLA hydrogels (Figure  5.7) over the same period.     
 
5.4.3 DN PLA-PEG-PLA/PAA DN Hydrogels 
The compressive storage modulus of the PLA-PEG-PLA/PAA DN hydrogels is 
shown in Figure  5.12 (where results for the single-network PLA-PEG-PLA hydrogels are 
also shown for comparison).  The modulus of the DN hydrogels was very dependent on 
the PEG MW and macromer concentration of the PLA-PEG-PLA 1
st 
network component.  
The modulus values were highest for DNs composed of PLA-PEG-PLA 1
st
 networks with 
low PEG MWs and high macromer concentrations.  Hence, the DNs  
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Figure ‎5.12.  Compressive storage modulus of the PLA-PEG-PLA/PAA DN hydrogels. Results for the 
single network PLA-PEG-PLA hydrogels are also shown for comparison. 
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consisting of a 2k-50 PLA-PEG-PLA 1
st
 network had the highest moduli (in the range of 
0.4 – 1.4 MPa).  The 2k-25 and 4k-50 DN hydrogels also had relatively high moduli, in 
the range of 0.2 - 0.4 MPa.  The 8k DN hydrogels had the lowest moduli, which began as 
high as 0.25 MPa but quickly dropped off to 0.05 MPa or less by 24 hrs.  This matched 
up with the high swelling (Figure  5.6) and fast degradation (Figure  5.9) of the 8k DN 
hydrogels, which in turn was due to the high swelling and degradation of the single-
network 8k-25 hydrogel components.     
In comparing the effects of the PAA 2
nd
 network component on DN hydrogel 
modulus, there tended to be very little difference between DNs made from PAA-1 and 
PAA-8.  For a given PLA-PEG-PLA 1
st
 network, modulus profiles obtained for DNs 
made from PAA-1 and PAA-8 often showed a great deal of overlap.  Therefore, the effect 
of the second network seemed to be much less than the effect of the PLA-PEG-PLA 
component.  This is probably due to two factors.  First, the swelling profiles of PAA-1 
and PAA-8 DNs made with the same 1
st
 network are also very similar, with values 
overlapping at most time points over a two week period (Figure  5.6).  As described 
above, this was due to the high degree of cyclization that likely occurred for PAA-8 
network components which limited their crosslink density.  As a result, it makes sense 
that the modulus values of the PAA-1 and PAA-8 DNS are also very similar.  
Additionally, a second factor could be related to the sequential polymerization process 
used for formation of the DNs.  A number of previous studies have found that variation 
of the characteristics of the 1
st
 network in a seq-IPN tend to have a greater influence on 
the IPN’s properties than variation of the 2
nd
 network [116, 141].  The reason for this is 
believed to be the guarantee of a continuous, more homogenous network for the first 
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component.  While this has typically been observed for IPNs in the dry state, it would 
likely carry over to the swelling of the IPNs as well. 
Compared to the moduli of the single-network PAA hydrogels (Figure  5.11), 
significant improvements in modulus occurred for the DN hydrogels, particularly when 
2k and 4k PLA-PEG-PLA components were used as the 1
st
 networks.  However, this is 
expected since the swelling of the DN hydrogels are generally lower than that of the PAA 
hydrogels.   
Most significantly, the modulus profiles of all of the DNs also matched up very 
closely with modulus profiles of their corresponding single-network PLA-PEG-PLA 
hydrogels.  This occurred despite the higher swelling of the DN hydrogels compared to 
that of corresponding  single-network PLA-PEG-PLA hydrogels.  For instance, while the 
2k-25/PAA-1 hydrogels had an initial PBS content of 91% and the 2k-25 single-network  
hydrogels had an initial PBS content of 81%, the initial moduli of the two hydrogels were 
very similar (0.12 and 0.18 MPa, respectively).  In another instance, while the 2k-
25/PAA-8 hydrogels had a 24-hour PBS content of 93% and the 2k-25 single-network 
hydrogels had a 24-hour PBS content of 81%, the 2k-25/PAA-8 DN actually had a higher 
modulus (0.34 MPa compared to 0.26 MPa).  Similar results were seen in the comparison 
of these two hydrogels at 3 days.   
While an increase in modulus wasn’t seen for most of the DN hydrogels 
compared to the corresponding single-network PLA-PEG-PLA hydrogels, the moduli of 
the DN hydrogels overlapped with those of the corresponding single networks in most 
cases.  This was seen especially for the DNs made with PLA-PEG-PLA 1
st
 networks of 
50% macromer concentration (2k-50, 4k-50 and 8k-50).  The modulus values of these 
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DNs also tended to take longer to decay to values below 0.05 MPa, as a result of the 
initial modulus tending to be higher.   
For DNs in previous studies, such as the PEG/PAA DN hydrogels, the existence 
of a “pre-stress” condition between the 1
st
 network and 2
nd
 network of the DNs was 
implicated in the DN modulus enhancements.  In the present study, the observed swelling 
patterns of the degradable PLA-PEG-PLA/PAA DN hydrogels (Figure  5.6) suggest that a 
similar pre-stress condition is likely to also exist in the degradable DNs.  As described 
above, the PLA-PEG-PLA 1
st
 network seems to limit the swelling of the PAA component 
resulting in lower swelling of the 2k/PAA DNs compared to the 4k/PAA and 8k/PAA 
hydrogels.  This suggests that, at least for the 2k/PAA DNs, the swelling of the PAA 
components (which swell to a higher degree on their own) is restricted by the PLA-PEG-
PLA component.  
In order to get a better understanding of whether or not a “pre-stress” condition 
played a role in the observed modulus behavior of the degradable DN hydrogels in this 
study, the density of effective network chains,   
 ,  in the DN and single-network 
hydrogels was estimated.  An assessment similar to one previously used for 
characterization of a PEG/PAA IPN was used [141].  However, the swelling of the 
hydrogels and the sequential polymerization of the DNs was incorporated into this 
analysis.  First, Equation 23 (restated here for convenience) was used to calculate the 
effective crosslink density   
  of the single-network and DN hydrogels based on their 
experimentally determined storage modulus,  : 
     
          
   
  
   
   
  (37) 
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Figure ‎5.13. Experimental effective network chain density (ve*(DN)) versus theoretical effective 
network chain density (ve*(comb)) for the 2k DN hydrogels over 7 days 
  
As was the case for calculations of   , the approximation        was made, and 
           
 ,        
  and       
  were calculated for the single and DN hydrogels.  Then, 
using the relationships defined in Equation 25 for the modulus of a seq-IPN, the 
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theoretical effective crosslink density         
  was calculated for the DN hydrogels 
based on            
  and        
  of the single networks (Equation 38):    
     
         
     
 
              
               
    (38) 
where    and    are the volume fractions of the PLA-PEG-PLA network and 
PAA network inside the DN (in the dry state), respectively, where           [116] .   
Equation 37 and Equation 38 are suitable for hydrogels and IPNs above their Tg.  
While this situation can’t be guaranteed for the single-network PAA hydrogels or the DN 
PLA-PEG-PLA/PAA hydrogels (which have Tg’s in the range of 83 – 93 °C and 24 – 68 
°C, respectively, in the dry state), the absorbed water in hydrogels typically acts a 
plasticizer that lowers Tg significantly below the 37 °C experimental temperature used in 
this study [3].  Additionally, based on the values published in the literature for the Tg of 
crosslinked PEG (PEG Tg   -60 to -70 °C in the dry state), at 37 °C the PLA-PEG-PLA 
network is expected to be significantly above its water-swollen Tg.  Therefore use of 
these equations is assumed to be safe, particularly for characterization of the 2k DN 
hydrogels, where all of the 2k single-network and DN hydrogels (which have Tg’s around 
or below 37 °C even in the dry state) have modulus values a full order or two greater than 
those of the PAA single-network hydrogels.   
The results for the 2k DNs are shown in Figure  5.13.  For most of the DN 
hydrogels, the values of       
  are either equal to or greater than those predicted by 
combination of the network components,         
 .  This suggests that interpenetration of 
the two networks in the DN hydrogels is enhanced to some degree above what is 
predicted for a seq-IPN hydrogel.  Combined with the swelling results, these results 
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support the possibility that a pre-stress condition could be responsible for the sustained 
modulus properties of the high-swelling DN hydrogels in this study.        
 
5.4.4 Conclusions 
The thermal, swelling, degradation and storage modulus properties of the single-
network PLA-PEG-PLA and PAA hydrogels mostly followed expected patterns based on 
modulation of   . This confirmed the effects of variations in parameters such as PEG 
MW and macromer concentration of the 1
st
 network and the crosslinker concentration of 
the 2
nd
 network.  However, for the PAA hydrogels, while increasing the crosslinker 
concentration was found to have a desired effect to some degree, high degrees of 
cyclization likely prevented better control in obtaining a lower    for the PAA-8 
hydrogels.  The results of this were seen for the DN hydrogels, where networks 
composed of PAA-1 and PAA-8 often had very similar macroscopic properties.   
 The thermal behavior of the PLA-PEG-PLA/PAA DN hydrogels, in combination 
with the earlier FTIR results, provided strong evidence that hydrogen bonding occurs 
between the PLA-PEG-PLA and PAA networks in the dry state.  This suggests that the 
interaction of the degradable PLA-PEG-PLA networks with the degradable PAA 
networks is still dominated by PEG and PAA.  For the swollen hydrogels at pH 7.4, 
hydrogen bonding between the two networks becomes much less significant because of 
the high degree of swelling (which spreads the chains far apart) and because of the high 
degree of dissociation of PAA.  As a result, the macroscopic properties of the DN 
hydrogels appeared to be dependent on physical interpenetration at equilibrium swelling, 
as evidenced by the low swelling and the generally higher-than-expected density of 
 91 
effective network chains of the 2k DN hydrogels.  These results show that the DN 
strategy can successfully be applied to the degradable PLA-PEG-PLA/PAA hydrogels in 
this study, and that the “pre-stress” condition may be as significant for degradable DN 
hydrogels as for non-degradable in enhancing the modulus.  The DN hydrogels achieved 
similar moduli to the PLA-PEG-PLA single-networks despite significantly higher 
swelling as measured through PBS content.  At the same time, it is possible that 




CHAPTER 6  
CONCLUDING REMARKS AND FUTURE WORK 
This study shows that application of the DN scheme to fully degradable, 
injectable hydrogel combinations based on PEG and PAA successfully leads to sustained 
stiffness of the hydrogels at very high degrees of swelling.  Future studies on the 
biocompatibility of these DN hydrogels in tissue engineering applications, particularly 
for the degradable PAA component, would also be necessary for use in the body.  At the 
same time, this system serves as a model where PLA-PEG-PLA hydrogels could be 
combined with degradable polyelectrolyte hydrogels for sustained stiffness properties of 
high-swelling biodegradable hydrogels.   
For the PLA-PEG-PLA/PAA DN hydrogels, the modulus enhancements exhibited 
at very high degrees of swelling could be further investigated by a study on the pH 
dependence of the DN hydrogel modulus.  Such work could help to elucidate more 
specifically the role played by a pre-stress condition in the modulus enhancement of these 
DN hydrogels.  At the same time, extending the degradation time periods could be 
beneficial, as differences in the modulus of the DN and single-network hydrogels may be 
further distinguished at longer degradation times.  Additionally, the stress-strain behavior 
and the ultimate fracture strength of these hydrogels are yet to be investigated. 
These PLA-PEG-PLA/PAA DN hydrogels could potentially be investigated for 
the regeneration of cartilage with large fibril diameters, towards the high end of the 20 – 
150 nm range [22].  For regeneration of these types of cartilage, the combination of high 
stiffness and high mesh sizes may be particularly favorable.  Another possible application 
 93 
could involve the controlled release of large biomolecules or drugs in harsh environments 
where the structural integrity of the hydrogels is also significant [142].   
.   
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Figure A.3. GPC Curve – PAA Standard (100,000 g/mol) 
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